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ABSTRACT

Monolithic ceramics are highly sensitive to processing-induced and/or service-

related ﬂaws, making them inherently brittle. Due to their low toughness, these materials
fail catastrophically. However, continuous ﬁber reinforced ceramic matrix composites
(CFCCs) can provide enhanced toughness as well as avoid catastrophic failure with some
energy-dissipating mechanisms, such as crack deﬂection, debonding at the ﬁber-matrix
interface, crack bridging, and ﬁber pullout, etc.
In order to encourage wide applications of CFCCs, such as NicalonTM/SiC,
NextelTM/BlackglasTM, and NicalonTM/CAS systems, nondestructive evaluation (NDE) of
CFCCs is vital to characterize the integrity of the composites. Up to the present time,
relatively little work has been performed on the NDE of CFCCs and on relating the NDE
results to the understanding of mechanical behavior of CFCCs.
In this research, various types of NDE techniques, such as ultrasonic testing (UT),
X-ray computed tomography (CT), acoustic emission (AE), and infrared (IR)
thermography, were applied to investigate defect distributions that may affect mechanical
behavior, to characterize the type and location of ﬂaws in the composites, and to assure
the manufacturing quality as well as to guarantee the reliability during the fabrication

and/or service periods of CFCCs. The fracture behavior of CFCCs were also investigated
using NDE technologies for a mechanistic understanding of failure mechanisms of
CFCCs. Those NDE techniques were employed to characterize inherent damages and the
damage evolution, before, during, and after mechanical testing. The NDE results were

vii

used to develop an understanding of fracture mechanisms of CFCCs. Prior to mechanical
testing, UT, CT, and IR thermography were used to investigate the initial defect
information of CFCC samples. UT would provide two-dimensional C-scans, CT was
utilized to determine the porosity and types of defects, and IR thermography was
employed to generate thermal diffusivity maps. Both AE sensors and an IR camera were

used to assess the amount of damages and monitor in-situ damage evolution during
monotonic tensile and cyclic fatigue tests. After mechanical testing, ultrasonic C-scans,
CT, and IR thermography were performed on fractured CFCC samples for quantitative
analyses of the progressive damage.

Also, optical microscopy (OM) and scanning

electron microscopy (SEM) studies were conducted to investigate the fracture
mechanisms of CFCC samples, which were related to the NDE results.
In this investigation, quantitative relationships among the physical properties
determined from various NDE techniques were formulated. Moreover, the relationship
between the NDE results and fracture behavior of CFCCs was presented to explore the
integrity and mechanical behavior of CFCCs.

The understanding of the correlation

between the NDE results and structural performance of CFCCs was the focus of this
research. This investigation also explores the feasibility of using NDE techniques as the
integrity assessment means for CFCCs.

Furthermore, the relationship among

experimental NDE results was compared with theoretical predictions.
Ultimately, the results of this research could provide invaluable information to aid
in the fabrication, development, and selection of reliable CFCCs for structural
applications.
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CHAPTER 1
INTRODUCTION AND OBJECTIVES

During the past few decades, ceramic matrix composites (CMCs) have evolved as one of
the potential candidates for high-temperature structural applications, such as aircraft
structures, fusion reactors, and heat-management systems, due to their lightweight, hightemperature resistance, and a balance of toughness and strength [1 -6]. It is especially true
for continuous ﬁber reinforced ceramic matrix composites (CFCCs) with respect to the
increased toughness relative to monolithic ceramics.

CFCCs do not suffer from the

shortcomings of monolithic ceramics, which are very brittle because of their high
sensitivity to processing-induced and service-related ﬂaws. Due to their low toughness,
monolithic ceramics fail catastrophically. An approach toward substantially increasing
fracture toughness and in-service reliability, as well as avoiding catastrophic failure, is
the use of CFCCs.

CFCCs can provide enhanced toughness as well as prevent

catastrophic failure with some energy absorption mechanisms, such as crack deﬂection,
debonding at the ﬁber/matrix interface, crack bridging, and ﬁber pullout, etc. One of the
major advantages of CFCCs is that these materials fail in a noncatastrophic manner [1-7].

To encourage wide applications of CFCCs, nondestructive evaluation (NDE) of CFCCs is
required not only for assuring manufacturing quality and lifetime service applications, but
also as a characterization means for the research and development of advanced materials,
although not much attention has been addressed so far.

Several NDE techniques are available for assessing the integrity of composite materials
814].

In particular, a ultrasonic testing (UT) method is frequently used for such

neasurements [15,16].

UT has become one of the most commonly used inspection

echniques to determine the quality and internal structure of composite materials [17,18].
fhe attenuation of ultrasonic signals through the material, which results from the
nteractions between ultrasonic waves and defects or microstructural features in the
:omposite, can be determined by measuring transmitted ultrasonic amplitudes. UT has
)een successfully applied to characterize composites based on variations in transmitted
rltrasonic amplitudes [16-21].

The transmitted ultrasonic waves can be related to the

)resence of defects and anomalies in the composites.

Since desirable NDE methods should be selected to maximize the detection efﬁciency in
nost applications, the combination of more than one NDE technique can be helpful for
he precise inspection, cost effectiveness, higher level of reliability, and accurate
:haracterization of CFCCs [22]. Some work has been performed in the ﬁeld of NDE of
:MCs [16,19,21,23,24].

However, most work was focused on the characterization of

:FCCs mainly using a single NDE technique, i.e., UT, X-ray computed tomography
:CT), or acoustic emission (AE), etc. [16,19,21,23-26]. Therefore, in this investigation,

several different types of NDE techniques were employed for NDE of CFCCs to provide
)recise characterization.

CT is a relatively new NDE method, initially started for medical applications, but is a
useful technique for investigating composite materials. Engineering applications of CT
have been increasing in recent years due to its effective means for assessing the integrity
of engineering materials [23,24,27-30].

CT permits the nondestructive physical and

chemical characterizations of the internal structure of materials [31].

In general, the

beneﬁt of CT for NDE is the ability to map the relative X-ray linear attenuation of the
materials throughout a component, permitting the extraction of dimensional and material
characteristics of features and anomalies. With these characteristics, CT can provide a
variety of analyses for NDE. For example, conventional X-ray radiography shows a twodimensional view of a three-dimensional object, while CT presents a cross-sectional slice
of the specimen, which can be a useful means of NDE to characterize the integrity of
ceramic composites. CT can also be used to calculate the relative porosity as well as to
relate to the transmitted ultrasonic amplitude.

Infrared (IR) thermography is another possible NDE method for characterization of
CFCCs. This technique is based on the concept that after applying a uniform heat pulse
to the sample surface, a localized disruption of the heat ﬂow will occur where defects
and/or ﬂaws are present.

The change in the heat ﬂow translates into temperature

differences on the material surface [32-39]. The temperature variations on the surface of
a sample were used to create therrnographic images in terms of either temperature
difference or thermal diffusivity. In this study, the IR thermography was used to map the
through-thickness thermal diffusivity of CFCC specimens and relate the results to the UT
transmitted amplitude.

Moreover, the IR thermography was used to measure the
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luring mechanical tests [32-39].

AE can be a possible NDE method for the characterization of CFCCs [22].

The AE

echnique can be employed to assess and improve the reliability of CFCCs in structural
1pplications. AE can also be utilized to monitor the progressive damage in structures
)efore actual failure occurs [40]. Hence, if used properly, AE can help avoid catastrophic
:‘ailure of structures.

It can be used to locate potential fracture initiation sites in the

:omponent and to study various mechanical properties of materials. The AE technique
ras been used extensively to investigate the degradation and fracture behavior of metals.
:or example, studies were preformed to examine microcracking, indentation, ﬂaw
letection, and fatigue behavior of various alloys. Similar studies were also conducted on
:omposite materials. However, the AE technique has not been applied to ceramics and/or
:MCs to the same extent [41]. Most of the AE applications to ceramic materials were in
he areas of thermal shock, fast fracture, static fatigue, indentation, and microcracking.

,3ew studies, if any, were performed using the AE technique to evaluate the cyclic fatigue
)ehavior of ceramic materials. In this research, an AE technique was used for in-situ
nonitoring of damage evolution during mechanical testing.

Relatively little work has been performed on the investigation of micromechanisms of
:‘racture in CFCCs using NDE techniques [16,19,21].

In this research, several NDE

:echniques, such as UT, CT, AE. and IR thermography, were utilized for CFCCs to
:haracterize the fracture behavior during monotonic tensile and cyclic fatigue loadings.

Thus, the main objectives of this investigation on NDE and mechanical behavior of
CFCCs are to:
(1) provide NDE techniques for assuring the quality and structural integrity of CFCCs,
(2) perform NDE using UT, CT, AE, and IR thermography methods for the analyses of
defect distributions that may affect mechanical properties, before, during, and after
mechanical testing,
(3) investigate the mechanical behavior of CFCCs with the aid of NDE techniques,
(4) develop an understanding of the correlation among NDE techniques,
(5) develop theoretical models to predict the relationship between the experimental NDE
results and mechanical performance of CFCCs, and
(6) provide fracture and NDE information to aid in the fabrication, development, and

selection of CFCCs for structural applications.

V111 1.1.

11.11\ A:

BACKGROUND OF THE RESEARCH AND CRITICAL ISSUES

2.1. Why Continuous Fiber Reinforced Ceramic Matrix Composites (CFCCs)?

Ceramic-matrix composites (CMCs) have been selected as a potential candidate material
for high-temperature structural applications of engineering components.

They provide

excellent corrosion resistance, wear resistance, and a very good balance of toughness and
strength at elevated temperatures. Table 2.1 depicts the possible potential applications of
CMCS with examples [42,43].

Monolithic ceramics are brittle and susceptible to catastrophic failure. The catastrophic
fracture behavior is mainly due to the ease of both crack initiation and crack propagation
[44].

The ease of crack initiation was shown to result from a high degree of stress

concentration of an applied load at very small microstructural or surface ﬂaws in the
ceramic materials. The ease of crack propagation was identiﬁed to be related to the low
fracture toughness of most monolithic ceramic materials [44]. The ﬂaw sensitivity and
the low fracture toughness of typical ceramics provide a challenge to achieve the
reliability of these ceramics in structural applications. Major efforts have occurred since
the late 1960's to improve reliability through the fabrication process by reducing the size
of microstructural and surface ﬂaws. Additional major efforts since the mid-1970's have
been directed toward improving reliability by increasing the fracture toughness of

Table 2.1. Recommended Industrial Applications for Continuous Fiber CMCs
(SourcezDepartment of Energy) [42,43]

Product
Area/Applications
Stationary Engines

Examples
Combustors, Liners, Wear
Parts

Projected Industrial
Markets
High-temperature Gas
Turbines, Adiabatic Diesels,

Other Engines
Energy Intensive Indirect
Heating, e. g., Aluminum

Heat Recovery Equipment

Preheaters, Recuperators

Burners/Combustors

Radiant Tube Burners

Indirect-ﬁred, Hightemperature Furnaces

Burners/Combustors

Catathcrmal Combustors

Low NOx Clean Fuel

Remelters, Steel Reheaters

Heating Applications, e. g.,
Gas Turbine Combustors,

Process Heating
Burners/C ombustors

Process Equipment

Low-Temperature Radiant
Combustors

Reformers, Reactors, Heat

Exchangers

Waste Incineration

Furnace Internals, Cleanup

Low NOx Clean Fuel

Heating Applications, e. g.,
Small and Large Scale
Space Heaters
Chemical Processing,
Petroleum Reﬁning,
Corrosives Handling and
Processing
Conventional Facilities,

Advanced Hazardous Waste
Units with or without Heat
Recovery
Separation/Filtration

Filters, Substrates,

Centrifuges

Gas Turbine, Combined

Cycle, Diesel Exhaust
Particulate Filters, Molten

Refractories

Structural Components

Furnace Liners, Crucibles,
Kiln Furniture
Beams, Panels, Headers,

Decking

Metal Filters
High-temperature Industrial
Heating Process
Electromagnetic Shielding,
Corrosive/Abrasive
Environments, Fire

Protection
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rpproaches, such as self-reinforced microstructures, particle dispersions, whisker
lispersions, transformation toughening, continuous ﬁber reinforcement, ductile phase
'einforcement, and prestressing [44]. Among several ways of toughening methods for
:eramics, one approache to enhance the toughness of monolithic ceramics is the use of

:FCCs [2,44].

2.1.1. Toughening Mechanisms in Ceramic Matrix Composites

When a ceramic sample is loading in uniform tension, fracture will initiate at the largest
:law in the gage section.

Below the critical stress for the largest ﬂaw, the system is

governed by the stored elastic energy term within the material [45]. At the critical stress,
1 crack initiates at the critical ﬂaw.

The stored elastic energy is now available to

:oncentrate at the tip of this new crack and drive it through the ceramic.

A typical

:eramic has no mechanism to prevent this, so the crack rapidly propagates through the
:eramic and results in catastrophic (break-up into two or more pieces), brittle fracture
2,44,45]. If we are to avoid this brittle fracture mode, the challenge is to build into the
:eramic microstructure mechanisms that either allow the material to withstand the
:oncentration of the stored energy at the crack tip or to delocalize (spread-out) the
:nergy.

The toughening mechanisms in CMCS depend upon a number of microstructural
oarameters affected by the ﬁber, matrix, and interface properties. Figure 2.1 presents the
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Fig. 2.1. Energy absorption mechanisms, such as matrix cracking, interfacial debonding,
crack deﬂection and bridging, and ﬁber pullout.

typical toughening mechanisms in CMCs.

Due to the embedment of reinforcements,

CMCs prevent catastrophic rupture with some energy dissipation mechanisms, as shown
in Fig. 2.1. Those mechanisms play an important role in retarding crack propagation and
further damage evolution.

The typical stress-strain behavior of CMCs during tensile

testing is ﬁrst matrix cracking, which is approximately an indication of the proportional
limit or elastic limit, further matrix failure and crack deﬂection at the ﬁber/matrix

interface, and reach the ultimate tensile strength, followed by consecutive ﬁber pullouts,
called 'graceful failure,‘ as shown in Fig. 2.2.

Further Matrix Failure,
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lnterfacial Interactions _
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Fig. 2.2.

A comparison of stress-strain behavior between monolithic ceramics and

ceramic matrix composites.

Figure 2.2 also shows a comparison between a typical stress-strain behavior 01
monolithic ceramics and CMCs. The brittle monolithic ceramics present only an elastic
region, followed by catastrophic failure without any toughening mechanisms. However
continuous ﬁber reinforced CMCs show enhanced toughening behavior.
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A SEM micrograph showing the damage absorption mechanisms of

NicalonTM/SiC ceramic matrix composites (CMCs) [46].

Figure 2.3 shows an actual example of energy dissipation/absorption mechanisms from a
plain-weave NicalonTM/SiC composite [46]. Figure 2.3 was taken around the fracture
surface of a plain-weave NicalonTM/SiC sample, and contains matrix cracking and crack
propagation, ﬁber bridging, interfacial debonding and/or sliding, and ﬁber pullout. Those
mechanisms provide some dissipation of ﬁacture energy, and a delay in the propagation

of cracks. Finally, the composite system can avoid the catastrophic failure, and provide
an enhanced toughness.
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Composites (CFCCs)

2.2.1. The necessity of NDE

It is becoming important to use NDE methods for quality control and material-integrity
evaluation of ceramic materials because, recently, CFCCs have been widely used for
structural applications [1-7, 41-47].

Furthermore, it is becoming more and more

important to select appropriate NDE methods to assure the manufacturing quality as well
as to guarantee the reliability during their use of CMCs [41,44-50]. CFCCs, as compared
to metallic materials, have been identiﬁed as potential candidates for high-temperature
structural applications because of their high-temperature strength, lightweight, and
excellent corrosion and wear resistance [1-7]. In order to encourage wide applications of
CFCCs, NDE is required for quality assurance and process control of CFCCs. Although
NDE is an important ﬁeld of materials characterization, it is of crucial importance to
choose proper NDE techniques for optimal applications during processing as well as
service periods.

According to the American Society for Testing and Materials (ASTM) Guideline of
Standard Terminology for Nondestructive Examinations [51], nondestructive evaluation
(NDE) or nondestructive testing (NDT) is deﬁned as the development and application of
technical methods to examine materials or components in ways that do not impair future
usefulness and serviceability in order to detect, locate, measure, and evaluate/laws; to
12

I Interpretation

I

I
False

Nonrelevant

Accept

Reject

' Fig. 2.4. Schematic description of NDE procedure [51].

assess

integrity,

properties,

and

composition;

and

to

measure

geometrical

characteristics.

Figure 2.4 shows a schematic of a NDE procedure [51]. Once materials or components
contain defects (indications), the interpretation of the corresponding ﬂaws by the NDE
techniques are needed. Through NDE, the defects and/or ﬂaws can be determined as
false, relevant, or nonrelevant, which depends on the condition or type of discontinuities.
Finally, an evaluation is necessary to interpret and determine the defect information of
components with respect to whether they meet speciﬁed acceptance criteria.

Since NDE provides an investigation of defects within materials, it is necessary to
understand the types, distributions, and general information of ﬂaws in components.
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important issue is the selection of NDE methods, which depends on the amounts ant
types of ﬂaws in materials. Generally, many monolithic ceramics have some degrees 0
porosities and dislocations, which affect mechanical behavior of materials, while CFCC
contain several types of defects, such as interlaminar porosity and processing-induce
voids, etc. Recently, advanced ceramics are widely used for high-temperature structura
applications, such as heat exchangers, gas turbines, and nuclear reactors, and it i
becoming important to use NDE for quality control and material-integrity evaluation 0
ceramic materials [44,47].

Figures 2.5 and 2.6 show linear dimensions of microstructures and defects, and th
resolutions of the possible NDE techniques, respectively [52]. The possible defect type
in ceramic materials include dislocations, which are especially important defects at higl
temperatures, microstructural anisotropy, second inclusions, pores, and cracks witI

various ranges of dimensions, as shown in Fig. 2.5. Also, since each NDE method has
different range of resolution, as presented in Fig. 2.6, which can be explained as th
scope of each available NDE technique, desirable NDE methods should be applied fo
corresponding resolution ranges of defects.

2.2.2. An Overview of NDE Techniques for CFCCs

To consider when and how various NDE techniques can be best applied to th
examination of CFCCs, this section provides a brief overview on the followin
l4
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infrared (IR) thermography, and acoustic emission (AE).

2.2.2.1. Ultrasonic Testing (UT)

UT is one of the most widely-used NDE techniques for quality control and serviceintegrity evaluations due to its cost effectiveness and the convenience of data acquisition
Generally, UT can be employed to detect ﬂaws, determine the size, shape, and location 0:

defects, and identify discontinuities in materials.

The determination of ultrasonic

velocities allows measurements of the modulus of elasticity or Young's modulus 0:
materials [16,19,21,47-50].

Sound which possesses high frequencies that can not be heard is called ultrasounc
(typically in the frequency range above 20 kHz). UT is a nondestructive method in whicl
beams of high-frequency sound waves are introduced into materials for the detection 0:
both surface and internal ﬂaws in the material [17]. The UT sound waves travel througl
the material with some attendant loss of energy and are deﬂected at interfaces and/o:
defects. The deﬂected beam can be displayed and analyzed to assess the presence anc
location of ﬂaws or discontinuities. Most ultrasonic inspection is done at frequencie:
between 0.1 and 25 MHz.

A variety of ultrasonic evaluation methods, such as ultrasonic A-, B-, and C-scans, hav<

been used to study various types of ﬂaws in ceramic materials [47-50,53]. A UT A-scar
l6

presents one-dimensional defect information of materials. In the oscilloscope view, the
signals of an A-scan display the pulse and amplitude against time. An A-scan display is
commonly used for measurements of material thickness. A UT B-scan displays a parallel
set of UT A-scans with two-dimensional data, i.e., the B-scan presents defect
distributions through the cross section of materials. The B-scan can also be applied for
the inspection of rotating tubes and pipes, because it provides each cross-sectional view
of defect distributions. A UT C-scan is the most widely used scan mode, because the Cscan provides a two-dimensional presentation of defect distributions of a test sample. A
C-scan displays the size and position of ﬂaws in an area parallel to the surface through
the raster scan of two axes. A C-scan presentation is a very effective way to investigate
ﬂaw distributions, since the presence of a ﬂaw as well as its severity can be directly
indicated on a drawing of the part being inspected.

Figure 2.7 depicts a schematic

illustration of ultrasonic A, B, and C-scans [48].

To measure the time of ﬂight or attenuation of the UT signal, a UT-scan mode may be
either in a through-transmission mode (using both a transmitting transducer and a
receiving transducer) or pulse-echo mode (using a single pulser/receiver transducer).
Figures 2.8 and 2.9 show schematic diagrams of a pulse-echo mode setup with a
pulser/receiver transducer and a through-transmission ultrasonic (TTU) setup with a pair
of focused transducers, respectively. The scan is performed in an immersion tank. In
Fig. 2.8, a pulser/receiver transducer is used to generate UT sound waves as well as

receive the reﬂected beam. The transducer obtains the traveling UT sound-wave signals,
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Fig. 2.7. Schematic illustration of ultrasonic A, B, and C-scans [48].
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Finally, a computer gathers the amplitudes, and forms a UT scan image.

V

In the TTI

mode, the transmitting transducer (pulser) and receiving transducer (receiver) are aligne
with each other, and the beam path is always kept perpendicular to the test specime
during the scan (Fig. 2.9).

The two transducers are ganged together using a yok

arrangement that maintains the alignment of the focused beam.

The reason for selecting the TTU geometry is partly due to the high attenuation of th
material and the difﬁculty of obtaining and interpreting pulse-echo signals. In the TTI
approach, a time gate is applied to encompass the transmitted signal and to record it
amplitude during a UT C-scan. Moreover, the C-scan image is developed by capturin
and displaying the transmitted signals in a raster scan along the X-Y plane of the te:
sample (Fig. 2.9).

The amplitude of a transmitted ultrasonic beam is measured by the receiving transduce:
which is also focused and positioned symmetrically with respect to the transmittin
transducer. The amplitude of the TTU signal is quite sensitive to the presence of intemz
defects, such as voids and delaminations, and to variations of the internal structure, suc

as undulation of ﬁber tows in CFCCs. Any defects or internal material conditions the
attenuate, scatter, or block the transmitting ultrasonic beam will result in a low TTl

signal in the C-scan image.
Most of the UT NDE work has been done on the characterization of surface ﬂaws and/c
internal defects in ceramic materials [21,54-56]. Signiﬁcant work has been established i
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the modulus measurements and characterizations of defect distributions using UT C-scan
amplitudes of CMCs [21].

Ultrasonic amplitude measurements

can be performed using either a through-

transmission C-scan mode or a pulse-echo mode, in an immersion tank (Figs. 2.8 and
2.9). Defect distributions have been designated as a C-scan in light of the UT transmitted
amplitudes. In other words, for an area containing a greater amount of defects, more UT
waves will be deﬂected or scattered by the defects, resulting in lower amplitudes of
transmitted UT waves.

Modulus measurements can be performed using a dry-coupling ultrasonic technique [21].
Longitudinal moduli along the in-plane (ﬁber-fabric plane) direction (X or Y-axis) and
through-thickness (Z) direction are determined. Longitudinal waves are used to make the
ultrasonic measurements.

The longitudinal modulus (C) is related to the longitudinal

velocity (VL) by the equation,

Czpﬁ

on

where p is the density of the composite.

Since most of CFCC samples are highly porous, the use of a liquid or gel couplant would
change the value of the modulus and cause the contamination of the samples. To avoid
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these problems, ultrasonic measurements have been performed using dry-coupling
longitudinal transducers [21]. Dry contact transducers had a thin elastomer face-sheet
and coupled the ultrasonic propagation by pressure, without the aid of a liquid or gel
couplant. The transducers had a crystal size of 19.1 mm and a center frequency of 0.5
MHz.

A pulse-echo overlap method can be used to measure the wave velocities [21].
schematic of the experimental setup is shown in Fig. 2.10.

A

The reference signal is

obtained by passing ultrasonic longitudinal waves through a reference test system
composed of a rubber sheet and a fused quartz piece. The test sample is then placed
between the transmitting transducer and the rubber sheet in the reference test system.
Ultrasonic longitudinal waves are then passed through the setup.

The signals are

captured by the receiving transducer and recorded by an oscilloscope. The received radio
frequency waveforms, with and without the sample in the acoustic path, are matched as
closely as possible by shifting one to overlap with the other. Since the time shift required
for the match is equal to the transmit time of the ultrasonic waves through the thickness
of the sample, the ultrasonic longitudinal velocity is simply the sample thickness divided
by the time shift.

Because of the fact that the two signals are matched as closely as

possible (i.e., overlapped), this technique is referred to as the pulse-echo overlap method.
Both in-plane and through-thickness longitudinal ultrasonic velocities can be measured,
which yields in-plane moduli (CXX and Cyy) and through-thickness moduli (C22),
respectively, for the composite material.
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1 Transmitter

Transmitter
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Rubber Sheet
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Reference Piece

Receiver

Receiver

(3) Reference test system without
the presence of sample

(b) Test system with
the presence of sample

Fig. 2.10. Ultrasonic measurement setup for the modulus determination of NicalonTM/SiC
composites [21].

2.2.2.2. Radiography

In the radiography technique, gamma or X-ray are passed through the examined parts or
materials. The radiation sources, such as X-ray or radioactive isotopes, penetrate through
the components with different densities of radiation, and ﬁnally the display presents twodimensional intensity distributions of radiation [57]. The radiation pattern can be made
visible with photographic ﬁlms or ﬂuorescent screens. The basic principle of radiography
is to characterize the internal defect distribution of the test parts using the penetrating
radiation. and form a two-dimensional image. The main applications of radiography can
be classiﬁed into two parts: determination of inherent material properties and evaluation
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materials, such as composition, particle size, and density, etc., can be determined by the
radiography technique, while manufacturing properties like existing ﬂaws and
complexities, etc., can also be characterized.

Radiography NDE, mainly, can be classiﬁed into three kinds varying with different
electronic sources of radiation: X-ray, gamma-ray, or Neutron radiography. The physics
of X-rays and gamma rays are very similar, but there are remarkable differences in the
use between X-ray generators and gamma-ray projectors due to different radiation
sources.

In the case of the neutron radiography, the physical concept is quite different

from that in X-ray or gamma-ray imaging.

Imaging with X-ray or gamma radiation includes capturing and processing a shadow
picture, which is the result of different amounts of absorption. The different amounts of
transmitted radiation cause ionization in the emulsion of the ﬁlm, forming a latent image.
The latent image is processed and displayed. The precision of details in the image, called
radiographic sensitivity, is limited by the lack of perfection in the shadow image and by
scattering of radiation in the test object, the test environment, and even in the ﬁlm
emulsion.

In neutron radiography, the image is essentially a two-dimensional shadow display or
picture of the intensity distribution of thermal neutrons that have passed through an

object. As compared to X-ray or gamma-ray radiography, the attenuation characteristics
24

of neutron energy are different; the total neutron cross section is the criterion for utilizing
neutron radiography, whereas the density and atomic number (linear absorption
coefﬁcient) are main parameters in X-ray and gamma-ray radiography.

Generally,

neutron radiography complements conventional X-ray radiography and gamma-ray
radiography by having the capability of detecting ﬂaws and material conditions in
structures and devices that can not be effectively assessed with other methods.

Radiography provides a visual image of discontinuities in solid materials. A wide range
of material thickness levels can be assessed, and complex shapes that would be difﬁcult
to scan ultrasonically may be readily radiographed.

Radiography also can provide a

permanent record of inspection results with about forty-year archives.

Although

radiography has numerous advantages as described above, also it has the following
drawbacks. An access to opposite sides of a test object is always required. For a high
certainty of detection, cracks must be oriented nearly parallel to the beam. Radiography
is a health hazard as well as expensive. Delaminations are almost always undetectable.
Some structures are not amenable for use with radiography equipment and ﬁlms, i.e., the
components in radioactive or high-temperature environments.

Neutron radiography has been used to detect various types of discontinuities, including
voids and bulk-density reduction for the determination of structure and composition in
lithium-based ceramics and glasses [58].
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Through the

investigation of Si3N4 composites and Al/Si/Ale3 composites, they have obtained a

summary on ceramics; neutron radiography is capable of producing quality images on a
wider range of ceramic composites than was possible with X-ray radiography, and
neutron radiography is suitable for examining ceramic composites of greater thickness
than was possible with X-ray radiography.

The X-ray radiography technique was used to detect and size very small defects in ZrOz
ceramics [60]. ZrOz ceramic pellets by microfocus X-ray radiography, which is a highly
sensitive method for detecting and identifying small defects in the urn range, were tested
to ﬁnd the lowest detection limits for small defects. Artiﬁcial ﬂat-bottom holes and saw
cuts of different depths were introduced into the pellets, and used as calibration
standards.

Based on the relation between the density difference and the extent of the

defect through a component, the size of the defect in the component could be determined
from the radiographic image because the microfocus radiography offers the capability for
the detection of small defects due to its high resolution.

2.2.2.3. X-ray Computed Tomography (CT)

X-ray computed tomography (CT) provides a cross-sectional view of the interior of an
object [23,24,27-30]. CT is distinguished from conventional X-ray radiography in the
26

way of creating a ﬁnal image.

As a matter of fact, CT is an advanced form of

conventional X-ray radiography; that is, a conventional radiograph is a two-dimensional
presentation of a three-dimensional object, and the image plane is approximately normal
to the X-ray beam. On the other hand, the CT method creates a digital representation of a
thin slice parallel to the X-ray beam.

In this respect, CT is a useful technique to

characterize the integrity of engineering materials [23,24,27-30]. A typical level of slice
thickness for CT is from 0.025 mm to 3 mm, with pixel sizes in the range of 0.025 mm to
1 mm [27,61,62].

The CT system contains an X-ray tungsten (W) radiation source and a cadmium
(Cd)/tungstate (W) radiation detector along with a precision manipulator to scan a crosssectional slice from different angles. The X-ray source, usually operated at 420 kV and 3
mA, is collimated to form a thin fan beam of radiation that is wide enough to be exposed
to all of the detector elements. Variable detector apertures deﬁne the thickness of the
cross-sectional slice to be measured. The data acquisition system reads the signal from
each individual detector, converts these measurements to numeric values, and transfers

the data to a computer to be processed. To obtain a full set of transmission data required
to produce a CT scan image, the specimen, source, or detector moves, while a sequence

of measurements is made. This motion may involve the rotation of the specimen relative
to the source, and the detector array, or a combination of rotation and translation. During
a CT scan, the side of the specimen, which encounters the incoming X-ray ﬁrst, is
deﬁned as the front face (Fig. 2.11), which is similar to the arrangement for UT (Fig.
2.9). The other side of the specimen is the back face.
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Figure 2.11 illustrates a CT setup for obtaining a CT scan image along the width direction
(Y-Z plane) of the sample. The CT forms images of a cross-sectional slice parallel to a
collimated X-ray beam. A thin slice of the specimen interacts with a thin fan beam of
radiation, which is attenuated as it passes through the specimen.

The fraction of an

attenuated X-ray beam is directly related to the density and thickness of a material
through which the beam has traveled, and to the composition of the material and the
energy of the X-ray beam. The CT utilizes this information, from many different angles
with each small rotation of the specimen, to determine the cross-sectional conﬁguration
with the aid of a computerized reconstruction process.

Figure 2.12 shows the CT reconstruction procedure. The computerized reconstruction
process includes the conversion of the measured radiation intensities into projection data
and the processing of the projection data with a reconstruction algorithm to identify the
point-by-point distribution of the X-ray densities in the two-dimensional image of the
cross-sectional slice.

The CT utilizes X-ray transmission information from each

incremental angle (0) about the specimen to reconstruct cross-sectional images of the
object. In order to generate a CT image, X-ray transmission is measured by an array of
detectors, and then, data are obtained by translating and rotating the object so that the
multiple incremental angles of the specimen are used. Based on these data, a computer
mathematically reconstructs the cross-sectional image from the multiple view data
collected [63].
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Fig. 2.11. Illustration of an experimental procedure for X-ray computed tomography
(CT) setup for obtaining a CT-scan image along the width direction (in the Y-Z plane) (a)
and along the length direction (in the X-Z plane) (b) of the sample.
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Fig. 2.12. An illustration of the CT reconstruction procedure including 0° and 90° views
of CT, respectively.

Note that each incremental rotation angle equals 18°, i.e., 10 different views of CT data
were used to'reconstruct a CT image. Figure 2.12 illustrates two different views of each
incremental angle, such as 0° and 90°.

The reconstruction process quantitatively

determines the point-by—point mapping of the relative radiation attenuation coefﬁcients
from a set of one-dimensional radiation measurements. This CT reconstruction process
yields a two-dimensional array of numbers corresponding to the cross section of the

specimen in terms of pixels or picture elements [31].

Recently, CT has been quite extensively used to characterize ceramic components, and
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various research results have been reported. Current CT investigations include failure
analyses of ceramics [64], composite-structure developments [65], and microstructural
characterizations of ceramic composites [66].

2.2.2.4. Infrared (IR) Thermography

IR Thermography is a powerful NDE technique for the characterization of composite
materials. Since the composite materials show relatively high emissivities, composites
are suited for examinations with or without surface treatments [32,67].

Thermography also can be used to measure the thermal diffusivity [68-74]. Figure 2.13
shows the xenon ﬂash thermal diffusivity method. A xenon ﬂash lamp provided a short
heat pulse (about 1,000 W to 2,400 W) to the front surface, and the IR camera was used

to record the temperature rise at the back surface after the pulse.

The system uses

Parker's method [68] to calculate thermal diffusivity. Parker's technique assumes no heat
loss during the test. Although this assumption can generate a small systematic error (35%) in thermal diffusivity, this technique can be chosen because of its simplicity, and
more importantly, because the main focus of thermal diffusivity mapping is on the
variations from point to point. IR images can be acquired using a PC at 60 Hz, and
thermal diffusivity is calculated pixel by pixel.
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Fig. 2.13. A schematic of Xenon ﬂash thermal diffusivity method.

The theoretically-predicted back-surface temperature, T, as a function of time, t, an
specimen thickness, L, according to Parker [68] is given by

_£
°° _ 1) ,. exp[ _n2n2
T(L,t)—pCL[1+2nZ=}(
L, 0111]]

(2.2)

where Q is a pulse of radiant energy incident on the front surface in cal/cmz, p is t1
density in g/cm3, C is the heat capacity in cal/g°C, L is the specimen thickness, and a
the thermal diffusivitv in cmz/sec.

Fig. 2.14. Dimensionless plot of rear-surface temperature history [68].

Two dimensionless parameters, Vand a) , can be deﬁned

V091) =T(Lat)/ TM

(2.3)

a) =7r2at/ L2

(24)

TM represents the maximum temperature at the rear surface.

The combination of

Equations (2.2), (2.3), and (2.4) yields

V = 1+ 2i} 1)" exp(- r1201)
":1

L»)
b)

Equation (2.5) is plotted in Fig. 2.14.
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equal to 0.5, cu is equal to 1.38, and thus,

a=13sﬁmmw

(2a

where to 5 is the time required for the back surface to reach half of the maximum

temperature rise.

Thermoelastic stress analyses have been used to monitor damage evolution for CFCCs
[75,76]. During monotonic testing, a thermoelastic relation will be introduced to relate
:he adiabatic changes in the stress state of a material to those in the sepcimen
:emperature. The effect is summarized by the thermoelastic equation

T

AT: _ —0

(2.7)

A0

where AT is the change in temperature that is caused by a variation in the hydrostatic
stress (A0: 1/3 A014,), To is the ambient specimen temperature, and k is the thermoelastic
constant. k is given by

k = ;C—

(2.8)

where or is the coefﬁcient of thermal expansion, p is the density, and CV is the speciﬁc
heat at a constant volume.

Holmes et al. have investigated frictional heating during fatigue testing of CFCCs, such
as NicalonTM/CAS, and carbon/SiC, and reported temperature change measurements
using infrared pyrometer [77-81].

The inﬂuence of the fatigue loading history and

microstructural damage on the magnitude of frictional heating and interfacial shear
stresses was also studied. The extent of frictional heating was found to depend upon the
loading frequency, stress range, and average matrix cracking spacing.

2.2.2.4.1. Description of High-speed Infrared (IR) Camera [82]

The High Temperature Materials Laboratory at the Oak Ridge National Laboratory has
developed a system capable of producing quantitative thermal diffusivity maps of test
coupons, plates, and tubes, as well as thermal effusivity maps of complex-shaped
components, such as turbine blades and vanes.
composites and coatings.

This system is ideal for the study of

At the heart of the system is a high-speed, high-sensitivity

infrared camera with a 256 by 256 pixel focal plane array operating in a snap-shot mode.
Each one of the 65,536 detectors, which make up the focal plane array, is exposed at the

same time and for the same length of time. This allows for a straightforward pixel to
pixel comparison in each image. The spatial resolution can be adjusted down to 5.4 pm,
and the temperature resolution can be as sensitive as 0.015°C at 23°C. The camera can
operate at speeds up to 142 full frames per second, or up to 6,100 images per second at a
resolution of 16 by 16 pixels. The exposure time for each image can be adjusted down to
2 microseconds, allowing the study of very hot and/or fast moving targets, such as cutting
tools. boilers, and brake rotors during operation. In a typical test, the sample or part is
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lamp. The camera is then used to record the temperature response of the heated surface

with time. In some cases, the thermal response of the backside of the sample is recorded.
Custom software is then used to calculate a thermal diffusivity for each point in the
image. The result is a thermal diffusivity map of the object under the test. The data can
be viewed in a variety of ways including a spreadsheet format, a two-dimensional color
image, or a three-dimensional surface plot. The camera can be calibrated for absolute
temperature measurements and used in thermography applications.

In addition to the

measurement of temperature and thermal properties, the camera can also be employed for
NDE of subsurface ﬂaws in components. The camera is portable and can be taken offsite for ﬁeld work.

2.2.2.5. Acoustic Emission (AE)

When a material is placed under applied stresses, it experiences plastic deformation,
formation of ﬂaws, or fracture, which produces small stresses or ultrasonic waves in the
material, and acoustic emissions are generated. For ceramic materials, an increase in AE
events occurs before fracture, providing a potential means of either detecting crack
initiation of a component or monitoring when failure is imminent. Acoustic emissions
can be detected by AE sensors, and the piezoelectric transducer converts wave pulses that
strike into electrical impulses, which are ampliﬁed and displayed [44,47].

AE Signal
Detection and
Measurement

AE Sensor

,

LN
.
Applled
Stress ‘—

Electronics

Preamplrﬁer

AE
Stress
Wave

6

—’ Applied
Stress

Source

Fig. 2.15. Basic principle of the AB [22].

The process of generation and detection is shown in Fig. 2.15 [22].

Generally, AE

equipment is composed of piezoelectric transducers, ampliﬁers, single and multi-channel
signal processing systems, acoustic event counters, and coordinate plotters [47,50].
Figure 2.16 exhibits a typical form of AE signals with some AE parameters, such as
amplitude (the highest peak voltage attained by an AB waveform), counts (the thresholdcrossing pulses), energy counts (the measured area under the rectiﬁed signal envelope),
duration (the elapsed time from the ﬁrst threshold crossing to the last), and rise time (the
elapsed time from the ﬁrst threshold crossing to the signal peak) [22]. When the stressinduced energy is released from the material, an AB event is captured by an AE sensor.
The output is ampliﬁed, and a threshold voltage is set to screen out the background noise.
Generally, the AE output can be either continuous or of burst responses. A continuous
37
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Fig. 2.16. A typical acoustic-emission signal [22].

emission exists when the signal amplitudes are slightly higher than the background
noises. Therefore, the AE events are closely spaced in time and form a single waveform.
A burst emission occurs when the signal amplitudes are larger than the background
noises; the AE events are of short duration and are well separated in time. Usually, a
cracking event can be detected by a short rise time and exponential decay [83]. With the
AE signal information, such as counts, rise time, event duration, peak amplitude, and

energy, the AE signal characterization can be performed.

The rate and intensity of acoustic emissions may be used to detect the initiation and
propagation of cracks and delaminations in ceramics and/or CMCs [25,26,84,85].

Acoustic emission NDE has also been used to predict static and fatigue failures in CMCs

[40].

The main applications of the AE method for ceramics and CFCCs are to detect and
investigate damage initiation and the associated evolution process. AE can be a very
powerful NDE technique for in-situ monitoring of damage evolution during mechanical
testing.

AE was used to investigate the stress-strain behavior and to observe damage mechanisms
in CFCCs during tensile testing [25,26,84,85]. AE measurements were correlated with
the macroscopic stress-strain behavior and direct microscopic observations of damage
development

in

unidirectional

SiC/CAS;

calcium aluminosilicate

glass ceramic

composites reinforced with NicalonTM ﬁbers. AE events represent matrix cracking over
the proportional limit of the stress-strain curve under monotonic tensile loading.
Moreover, ﬁber-matrix debonding and ﬁber pullout procedures were successfully
monitored in terms of changes in the AE rate and cumulative AE counts in the case of
loading-unloading cycles. Figure 2.17 shows a representative stress-strain curve versus
AE counts during the loading and unloading processes of a SiC/CAS specimen [26]. In
Fig. 2.17, the locus of the cumulative AE counts designates the classical Kaiser effect.

Emission on a repeated loading will indicate that structural damage occurred between the
ﬁrst loading and the repeat, or upon reapplying the load, there is no emission until the
previous load level is reached again [22]. Similar work has been performed on different
lay-ups, such as unidirectional, cross-plied, quasi-isotropic, and angle-plied, of the
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Fig. 2.17. Stress and cumulative AE counts versus strain for loading and unloading of a
unidirectional SiC/CAS composite under longitudinal tension [26].

continuous Tyranno SiC ﬁber (typically with a chemical composition of 44% Si, 25% C,
12% Oz, 3% N2, and 11% Ti by weight) reinforced barium-magnesium aluminosilicate
(SiC/BMAS) composite during displacement-controlled tensile testing [26].

Both the

cumulative number of AE events (for the detection of damage initiation and evolution)
and characteristics, such as event duration and energy (for the discrimination between
damage modes), were used to monitor the damage development in SiC/BMAS
composites.

40

Shiwa et al. also have investigated fracture mechanisms in SiC/SiC composites using AE
analyses [84].

AE data monitored different fracture mechanisms, such as matrix

cracking, crack deﬂection, interface debonding, and ﬁber pullout, during tensile testing.
The analysis of AE amplitude distributions determined the corresponding fracture
mechanisms of SiC/SiC composites

AE analyses also have been used to predict fatigue failures of ceramic materials subjected
to cyclic mechanical loading [40]. AE was capable of predicting failures by showing an
increase in the energy/count rate prior to failures during tension-tension fatigue loading
of ceramic specimens.

2.2.3. A Comparison Among NDE Techniques [41]

Table 2.2 provides a comparison among the NDE techniques for CFCCs. In principle,
CT and X-ray radiography utilize the same energy sources (radiation), whereas UT is
basically composed of sonic transmission caused by defects in the material. AE provides
a passive NDE method, i.e., the ﬂaw detection is achieved by the emission of the stress
wave, which comes from the inside of materials.

IR thermography is mainly the

measurement of temperature due to the heat ﬂow from one surface to the other. Since
each technique has different energy sources, its controlling parameters are different, as
shown in Table 2.2.

The main advantages of UT include the suitability for the

investigation of relatively thick materials and obtaining the test results in a short time,
although UT needs an acoustic coupling. In the case of CT, it provides a cross-sectional
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Table 2.2. A comparison among the NDE techniques for CFCCs.
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view of the entire material, but the equipment cost is expensive. CT and radiography also
require a special concern of radiation safety.

AB is a unique NDE method, which

provides continuous surveillance during the test, but the main drawback is that AE
requires a prehistory of stresses for defect detection. IR thermography provides a fast
and non-contact mode of surface investigations, and shows excellent temperature and
spatial resolutions. However, it is only available on one-sided inspection of objects. In
view of detectable defects, UT can be used to examine voids, delaminations, porosities,

and inclusions, and the CT, radiography, and IR thermography methods can also monitor
the above ﬂaws. In AE, the detection of porosities and voids in materials is not available.

Among these techniques, the desirable NDE method should be selected to obtain the most
efﬁcient results depending on applications.

The combination of different NDE

techniques would be more helpful for the precise inspection, cost effectiveness, and
accurate characterization of ceramic components.

2.3. Critical Issues

The main objective of the research is the characterization of mechanical behavior of
CFCCs with NDE techniques.

The NDE methods were employed to facilitate the

understanding of defect information of CFCC samples. Furthermore, the NDE results
were directly related to the interpretation of the mechanical behavior of CFCCs. The
understanding of the relationship between NDE results and mechanical performance of
CFCCs is the focus of this research.
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2.3.1. Quantitative Analyses of NDE Results and Theoretical Prediction

The use of various NDE techniques ensures accurate analyses and cost effectiveness, and
provides higher reliability. Moreover, it is important to understand the relation among
different NDE techniques. The quantitative comparisons among various NDE signatures,
which are obtained from different NDE techniques, would provide more precise
diagnoses of defect information. Furthermore, the comparison between the quantitative
predictions and the experimental qualitative results would offer the greatest reliability of
the understanding of defect information of CFCC samples. Since not much work has
been done on the relationships among different NDE techniques, it is critical to quantify
the NDE results and compare with theoretical predictions.

2.3.2.

Mechanical Characterization of CFCCs during Mechanical Testing with NDE

Techniques

Although NDE plays a signiﬁcant role to control the fabrication and service periods of
engineering materials, not much attention was provided for the effective and extensive
uses of NDE methods. Most of current investigations on CFCCs have been concentrated
on the fracture behavior, microstructural characterization, and theoretical modeling of
mechanical properties. However, limited study was reported on the relation between the
NDE results and mechanical performance. Even if, most of work performed with NDE
techniques has addressed the use of only a single technique as a material characterization
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means. In this research, the applications of the multiple NDE methods would provide
various and critical information for the understanding of mechanical behavior of CFCCs.
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MATERIALS SYSTEMS AND EXPERIMENTAL PROCEDURE

3.1. Materials Systems

Several different types of continuous ceramic ﬁber reinforced ceramic matrix composites
were used for this investigation, i.e., continuous NicalonTM (manufactured by Nippon
Carbon Co. Ltd., Japan) ﬁber-reinforced silicon carbide (SiC) matrix composites
designated

as

aluminosilicate

NicalonTM/SiC,
glass-ceramic

continuous
matrix

NicalonTM

composites,

ﬁber-reinforced

designated

as

calcium

NicalonTM/CAS

(manufactured by Corning Glass Works, Corning, NY), and continuous NextelTM

(manufactured by 3M) ﬁber-reinforced BlackglasTM matrix composites, designated as
NextelTM/Blackglasm.

NicalonTM is an amorphous/crystallite continuous ceramic ﬁber, predominantly SiC, with
a diameter of approximately 10 to 15 um, and has a chemical composition of 59% Si,
31% C, and 10% Oz by weight. NextelTM is an elliptical continuous ceramic ﬁber with a
diameter of about 10 to 12 um, and the chemical composition of NextelTM ﬁber is 62%
A1203, 24% 3102, and 14% B203 by weight.
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3.1.1. NicalonTM/SiC Composites

Two types of tensile specimens were machined from two-dimensional (2D) plain-weave
NicalonTM/SiC composites and 0°/90° cross-ply composites, respectively.

Figure 3.1

shows different architectures of plain-weave and cross-ply composites. Both composites
have a ﬁber volume content of 40%, and they were fabricated by the isothermal chemical
vapor inﬁltration (ICVI) technique successfully used at BF. Goodrich [86].

The

reinforcements are 2D plain-weave laminates, which are interlaced by an insertion of the
90° yarns into 0° yarns, and thus, made with fabrics of woven NicalonTM ﬁbers. The
reinforcement fabrics were stacked in a graphite mold, and then densiﬁed with a silicon
carbide matrix by the ICVI technique.
NicalonTM ﬁbers.

Each yarn consists of approximately 500

The main defects in plain-weave composites include surface ﬂaws

induced by the ICVI process and intersection voids between the 0° ﬁll (transverse yarn)
and 90° warp (lengthwise yarn) with approximately 8 layers in a 3 mm thickness, as
shown in Fig. 3.2(a) and (b).

The 0°/90° cross-ply laminate preform is composed of alternate layers of 0° and 90°
unidirectional NicalonTM ﬁbers. In total, 24-ply laminates ([0/90]12) in a 3 mm thickness
were chemically bonded together with the ICVI techniques. The potential defects of the
cross-ply composites include interlaminar porosity as presented in Fig. 3.3(a) and (b).
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(a) 2D Plain-weave composite

Fig. 3.1.

(b) Cross-ply composite

The architectures of (a) 2D plain-weave composites and (b) cross-ply

composites.
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49

4...... «13...». rMI-w

. "'1' 90°

00

.

2‘
’
W «0' g 119* A ~g

‘33"
‘

wwmrpmw

.WHWW
:3
Wainscot-“um '5 W 1. .1

1 .mgggamy‘

3

‘3

mars
{£111

.
"

‘

q

W» 1: .1 :.-.
1 a W?

(a) Planar view

Interlarninarw Porosity

«”32;MZCLW»
‘
o a‘
.,

we...»
xx-

-..

W‘?

18‘s"?

1~‘6m’1n

.

‘1‘;

.

>

a: {tt‘l’g'w
O;

(b) Cross-sectional view
Fig. 3.3. The microstructures of a 0°/90° cross-ply NicalonTM/SiCcomposites; (a) planar
view showing a 0° laminate and (b) cross-sectional view showing alternate stacking of 0°
and 90° laminates.
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Fig. 3.4. A schematic illustration of chemical vapor inﬁltration (CV1) process [87].

Using the ICVI method, the two types of laminated NicalonTM ﬁber fabric preforms are
deposited in an inductively heated susceptor cavity such that the preforms and the
methyltrichlorosilane (CH3SiCl3) gas are maintained at a uniform temperature of
approximately 1,000°C, as shown in Fig. 3.4.

Silicon carbide was deposited from the

decomposition of the methyltrichlorosilane gas at the uniform temperature, in accordance
with the following chemical reaction sequence [87],

CH3SiCI3 —> SiC + 3HCI
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(3.1)

i

18

200
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I0
140 —>

+

30

45
30

A;

(a) woven specimen

(b) 0°/90° cross-ply specimen

Fig. 3.5. The geometries of tensile test specimens. All dimensions in mm. The radius of
curvature in the shoulder section: 100 mm.

Figure 3.5 shows the geometry of each specimen. All tensile test specimens are 3 mm
thick. The specimens with a gage dimension of 10 x 60 mm were machined from the
woven composites, while those of 10 x 30 mm were from the cross-p1y composites.
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3.1.2. NicalonTM/CAS Composites

The composites are continuous NicalonTM ﬁber reinforced calcium aluminosilicate (CAS)
glass-ceramics matrix composites fabricated by Corning Glass Works using the hotpressing technique.

The matrix material, CAS (CaO-Ale3-ZSi02), is a family of

refractory alkaline earth aluminosilicate glass-ceramics developed in the pseudo-binary
system of triclinic anorthite (CaO-Ale3-2Si02) [88,89]. Two types of materials were
prepared for this investigation: a [0/90]4s cross-p1y composite panel and [0]12
unidirectional composite panel.

For the [0/90]45 panel, the NicalonTM/CAS composite

was prepregged into unidirectional plies with a 40% ﬁber volume, and hot-pressed into
[0/90]45 laminates. For the [0]12 unidirectional composite, the NicalonTM/CAS composite

was supplied in a 12-ply, unidirectionally reinforced ([0]12) panel.

This material was

produced by the hot-pressing method at approximately 1,350°C.

Figures 3.6 and 3.7 show micrographs of planar and cross-sectional views for both
[0/90]45 and [0]]; systems in NicalonTM/CAS composites. The potential defects in the
NicalonTM/CAS composite system include some interlaminar porosity, however, since the
composites were produced by the hot-pressing technique, the overall porosity is not very
much, less than 5 percent.

The front surface of a NicalonTM/CAS composite sample

provides a 0° laminate as shown in Fig. 3.6.
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Fig. 3.6. Planar view of NicalonTM/CAS composites showing 1St Ply with 0° lamina.
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0° Lamina

90° Lamin
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(b) [0]12 unidirectional composite
Fig. 3.7. Cross-sectional views of [0/90]4s cross-p1y composite and [0]” unidirectional
composite, respectively.
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Dog-bone type ﬂat tensile coupons were machined from as-received

NicalonTM/CAS panels. Each coupon was machined with a diamond saw at a moderate
operating speed in order to avoid the creation of machining induced damages.

Figure 3.9 presents the processing sequences of NicaonTM/CAS composites.

In this

process, the NicalonTM ﬁber yarn is impregnated with a slurry consisting of the glass
powder, together with water and an organic binder [91]. The impregnated tape is wound
onto a mandrel, then unidirectional plies are cut and layed-up in the desired orientations,
either cross-ply or unidirectional, etc., and the binder burned out at relatively low
temperature of about 450°C.

This perform is then hot pressed to densify the matrix

material. The ﬁnal hot-pressing was achieved at 1,350°C.

3.1.3. NextelTM/BlackglasTM Composites

NextelTM/BlackglasTM composites are relatively new material, and the composites were
developed by the low-cost ceramic composites (LC3) project [92]. However, not much
mechanical property data is available so far. The composites were supplied as ceramic
prepregs and consisted of a ceramic reinforcement ﬁber along with a preceramic
polymer, BlackglasTM.

reinforcement.

The NextelTM 312 continuous ceramic ﬁber was chosen as the

The mechanical and physical properties of NextelTM 312 ﬁber and

BlackglasTM matrix system are shown in Table 3.1.
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A schematic illustration of the processing of NicalonTM/CAS composites

[90,91].
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Table. 3.1. The Properties of BlackgalsTM Matrix and NextelTM 312 Fiber [94-96]

AlliedSignal Blackglas Ceramic Pvrolvzed in NZ Atmosphere at 900°C
-

Composition = 42 Si, 20 C, 38 O

-

Density = 2.11 g/cc

-

BET Surface Area = 0.6 mZ/gm

-

Pore Volume = 0.001 1 ml/gm

-

Thermal Expansion = 3.4 PPM/°C (20 — 1,000°C)

-

Elastic Modulus = 1.71 GPa

-

Thermal Conductivity at 23°C = 1.5 W/m°K

-

Speciﬁc Heat = 0.8 J/gm/°K

-

Dielectric Constant (Argon at 872°C) = 3.72 at 10.0 GHz

-

Dissipation Factor (tan8) = 0.10
3M Nextel 312 Continuous Ceramic Fiber

-

Composition = 62 A1203, 24 SiOz, 14 B203

-

Density = 2.70 g/cc

-

Surface Area = < 0.2 mz/gm

-

Thermal Expansion = 3 PPM/°C (20 — 1,000°C)

-

Filament Diameter = 10-12 pm

-

Crystal Size = < 500 nm

-

Crystal Type = 9 A1203: 2 8203 + amorphous Si02

-

Filament Tensile Strength (51 mm gage) = 1,700 MPa

-

Thermal Conductivity at 100°C = 0.12 W/m°K

-

Speciﬁc Heat = 0.25 BTU/lb/°F or cal/gm/°C

-

Dielectric Constant = 5.2 at 9.375 GHz
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The ﬁber was woven into a crow foot satin weave style designated AF-30. The prepreg
thickness was about 0.5 mm. Figures 3.10 and 3.11 present a comparison between the
plain-weave and crowfoot satin weaves in patterns and interlaces, respectively. The plain
weave is the most common weave style in which the ﬁber bundles alternate over one
bundle and under one bundle.

This pattern has maximum stability with respect to

slippage and fabric distortion [93]. The crowfoot weave is achieved when one warp yarn
weaves over three and under one ﬁll yarn.

Crowfoot weave or 4 harness satin weave

offer more pliability and drapability than plain weave fabrics. This pattern can conform
to very complex contours.

The woven fabric was then subjected to an in situ BN ﬁber interface treatment. This BN
layer is the ﬁber interface/debone layer and functions as a weak interface along with a
reaction and diffusion barrier between the NextelTM ﬁber and BlackglasTM matrix.
Without the BN treatment, low strain to failure and brittle failure modes result.

Figure 3.12 shows the processing ﬂow chart for NextelTM312(BN)/BlackglasTM panels.
Initially, the preform with NextelTM ﬁbers is prepared. Then, autoclave cure is achieved
at a relatively lower temperature of 150°C. The next step is pyrolyzising at either 872 or
982°C. In this investigation, 872°C was the pyrolysis temperature for all samples. The
reimpregnation and cure, and pyrolysis steps are repeated until a desired density is
obtained. Then, ﬁnally the NextelTM/BlackglasTM panel can be obtained with approximate
porosity of 6 to 8 percent.
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90° Warp

0° Fill

(b)
Fig. 3.10. A comparison in terms of patterns of (a) plain weave and (b) 4 harness satin
(crowfoot) weave.
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(b) 4 harness satin weave
Fig. 3.11. A comparision in terms of interlaces of (a) plain weave and (b) crowfoot
weave.

Fig. 3.12.

Processing sequences in the fabrication of NextelTM312(BN)/B1ackglasTM

panel [94].
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Fig. 3.13. SEM micrograph showing NextelTM 312 ﬁbers.

The microsturctures of NextelTM ﬁbers and the planar and cross-sectional views of
NextelTM312(BN)/BlackglasTM composites are shown in Fig. 3.13 and 3.14, respectively.

3.2. Nondestructive Evaluation of CFCCs Before, During, and After Mechanical Testing

In order to characterize the inherent defect distribution, which can affect mechanical

performance during testing or in-service, and to provide defect information of CFCC
samples before mechanical testing, several types of NDE techniques, such as UT, CT,
and IR thermography, were conducted. All techniques were used to detect the kinds and
locations of ﬂaws, which can possibly be processing-induced or machining-related, of
CFCC samples.

Nondestructive characterization with as-received specimens could

provide inherent defect information and/or distribution, which may affect the fracture
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(a) Planar view
90° Warps

.
0° Fills

(b) Cross-sectional view
Fig. 3.14. The microstructure of NextelTM3 12(BN)/BlackglasTM composites.
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provide a 2D defect distribution as a function of ultrasonic transmitted amplitudes. The
other NDE techniques, CT and IR thermography, also were employed for obtaining
cross-sectional views and thermal diffusivity maps of CFCC specimens, respectively.

3.2.1. UT C-scans for As-machined CFCC Coupons

Before and after the mechanical tests, UT C-scans were conducted on CFCC specimens
to gather the defect distribution information and quantitative analyses of the progressive
damages.

Ultrasonic amplitude measurements were performed using a through-

transmission C-scan mode and a pulse-echo C-scan mode for NicalonTM/SiC samples and
NicalonTM/CAS samples, and NextelTM/Blackglas samples, at a frequency of 15 MHz, in
an immersion tank (as illustrated in Figs. 2.8 and 2.9). Since NicalonTM/SiC composites
showed more porosity than glass-ceramic matrix composites, the through-transmission
mode was employed to NicalonTM/SiC composites. The pulse-echo method was used for
both glass-matrix composites, NextelTM/BlackglasTM and NicalonTM/CAS composites,
which showed the porosity less than 10%. UT C-scans were used to understand the basic
defect information of CFCC samples, and they were also employed as a reference for the
CT investigation of NicalonTM/SiC composites, i.e., according to the UT C-scan image,
CT was conducted to compare with UT C-scan results, and for quantitative analyses
between both UT and CT images.

Moreover, UT C-scan results were used to be

compared with the results of thermal diffusivity maps in NicalonTM/SiC composites.
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Elastic moduli measurements were performed using a pulse-echo ultrasonic technique,
and the results were compared with the mechanical testing results.

The calibration of ultrasonic transducers is necessary to conﬁrm precise and accurate
results of ultrasonic testing.

A reference block or a calibration block can be used to

calibrate the ultrasonic system. The reference block possesses a known dimension and
geometry of defects, and the ultrasonic system can be calibrated with the obtained
ultrasonic signals from the reference block.

The reference block sets are all

manufactured according to ASTM E127 and ASTM E428 [97,98], physical dimensions
requirements.

3.2.2. X-ray Computed Tomography for As-machined CFCC Coupons

After obtaining UT C-scans, CT was conducted on CFCC samples in order to verify and
compare with UT C-scans and thermal diffusivity results. CT was conducted based on
UT C-scans and thermal diffusivity maps, and several interesting areas were selected for
effective CT tests. The CT results were used to quantify the cross-sectional views of
CFCC samples, and employed for the calculation of porosity and/or discontinuity
regions.

65

John-J.

.l. LLVALLLHA

”LLLHUA '1.ij

LVLMIJIJLLLD

AVA

J.

Lu

ALAWVAJLLJVV

VA

vv

vvwr/VAAU

The xenon ﬂash method was used to generate thermal diffusivity maps for CFCC
samples.

The results of thermal diffusivity maps were qualitatively as well as

quantitatively compared with the UT C-scans of CFCC samples. In this investigation, the
thermal diffusivity was determined by using Thermophysical Properties User Center
:TPUC) Infrared Thermography Data Analysis Program software developed at the High
Temperature Materials Laboratory, Oak Ridge National Laboratory.

3.3. Mechanical Testing

3.3.1. Tensile Testing

.Vlonotonic tensile tests were conducted using a computer-controlled Material Test
System (MTS) 810 servohydraulic frame equipped with hydraulic grips.

The edge-

loaded specimen geometry and the hydraulic grips provided accurate and reproducible
specimen alignment.

Since CFCCs show inherent brittleness, the precise specimen

alignment is critical to avoid damage from concentric and angular misalignments. A 12
strain-gaged 4340 stainless steel specimen manufactured by MTS was used to align the
CFCC samples in this investigation. The alignment was achieved before and after each
test to assure the bending value was within 5 percent bending according to ASTM C1275
veriﬁcation of load train alignment [99].
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The testing data was obtained using a TestStarTM 113 data acquisition system. The tensile
tests were conducted at room temperature under displacement control at a cross-head
speed of 0.3 mm per minute according to the ASTM guideline. In this study, dog-bone
type ﬂat specimens were used to determine the ultimate tensile strength and stiffness of
CFCCs and to investigate the damage evolution during the tests.

The stress vs. strain

curves were plotted for all the specimens, and the modulus of elasticity or stiffness was
determined from the initial linear portion of the stress-strain curves where strains are
usually small. The IR camera and AE sensors were used for in-situ monitoring of the
temperature change and AE events, respectively, during the tests. Aluminum tabs were
attached with epoxy glue at each side of the shoulder section of the coupon in order to
avoid rupture of the grip parts during loading the sample. Figure 3.15 shows a schematic
illustration of the tensile testing setup.

3.3.2. Fatigue Testing

According to the ASTM Guideline of Standard Practice for Constant-Amplitude, Axial,
Tension-Tension Cyclic Fatigue of Continuous Fiber-Reinforced Advanced Ceramics at
Ambient Temperatures [100], cyclic fatigue is deﬁned as the process of progressive
localized permanent structural changes occurring in a material subjected to conditions
that produce ﬂuctuating stresses and strains at some point or points and that may
culminate in cracks or complete fracture after a suﬂicient number of ﬂuctuations.
Tensile cyclic fatigue tests provide information on the material response under
ﬂuctuating uniaxial tensile stresses.

Uniform stress states are required to effectively
67
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Fig. 3.15. A schematic illustration of tensile testing setup.

evaluate any nonlinear stress-strain behavior, which may develop as a result of
cumulative

damage

processes

(for example,

matrix

microcracking,

ﬁber/matrix

debonding, delamination, cyclic fatigue crack growth, etc.)

Cumulative damage due to cyclic fatigue may be inﬂuenced by the testing mode, testing
rate (frequency), differences between the maximum and minimum loads (R-ratio), effects
of processing or combinations of constituent materials, and/or environmental inﬂuences
(including test environment and pre-test conditioning).

Other factors which may

inﬂuence cyclic fatigue behavior are: matrix or ﬁber material, void or porosity content,
methods of specimen preparation or fabrication, volume percent of the reinforcement,
orientation and stacking of the reinforcement, specimen conditioning, test environment,

load or strain limits during cycling, wave shapes (that is, sinusoidal, trapezoidal, etc.),
and failure mode ofthe CFCCs [101-115].
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Fatigue tests were conducted using a MTS 810 servo-hydraulic test machine under a load
control mode at room temperature with constant amplitude, tension-tension sinusoidal
load cycles. The R-ratio (R = omin/omax, where 0mm and cm. are the applied minimum

and maximum stresses, respectively) was 0.1, and a loading frequency was performed at
10 Hz.

The test was stopped when the running cycles reached 107 cycles and the

specimen did not fail.

Figure 3.16 presents the actual photographic illustration of the mechanical testing setup
for this investigation. The main MTS 810 frame holds the CFCC sample attached with
aluminum tabs and AE sensors. An IR camera is remotely located from the MTS frame,
and the IR image was taken as shown in Fig. 3.17.

3.4.

Mechanical Characterization of CFCCs during Mechanical Testing with NDE

Techniques

3.4.1. Interpretation of Monotonic Tensile Behavior using NDE Techniques

The combination of IR thermography and acoustic emission techniques was used for insitu monitoring of damage evolution during mechanical testing.

Tensile tests were

conducted at room temperature under displacement control according to the ASTM
guideline [99]. An IR camera and AE sensors were used to measure the temperature
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compared with the stress-strain behavior of CFCCs.

The previous report showed that signiﬁcant amounts of temperature peaks have bee
observed at the time of fracture on CFCCs during tensile testing [116,117]. In terms (
temperature variation, the stress-strain responses of CFCCs were investigated.

A

sensors were used to monitor in-situ damage evolution during mechanical testing. Tk
combination with IR thermography would provide more accurate analyses of tensio
behavior of CFCCS. The fracture mechanisms of CFCCS, such as matrix cracking, ﬁbc

fracture, and more ﬁber pullout, were also carefully monitored by AE sensors, and ti
results will offer each AE activity information, such as the AE event, energy, count

number of hits, etc.

The AE information was utilized to interpret the fractui

mechanisms of CFCC samples. The results obtained using both IR thermography and A
techniques were directly compared with the stress-strain curves of CFCC samples.

3.4.2. Investigation of Cyclic Fatigue Behavior using NDE Techniques

During fatigue testing, AE sensors and an IR camera were employed for in-sit
monitoring of progressive damages of CFCC samples. A stress versus cycles to failur
(S-N) curve was provided to predict the lifetime of CFCC samples as a function of initi:
defects and progressive damages.

Microstructural characterization using scannin

electron microscopy (SEM) was performed to investigate fracture mechanisms of CFC
samples.
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A similar approach was utilized for the cyclic fatigue investigation of CFCC samples.
Both AE and IR thermography methods were used for in-situ monitoring of initial and
progressive damages during tension fatigue testing.

3.5.

In-situ Monitoring of Damage Evolution during Mechanical Testing using NDE

Techniques

During both monotonic tensile and cyclic fatigue tests, AE sensors and an IR camera
were used for in-situ monitoring of progressive damages of CFCC samples. A stress
versus cycles to failure (S-N) curve was provided to predict the lifetime of CFCC
samples as a function of initial defects and progressive damages.

3.5.1. AE Activity Documentation

The AE system was used to acquire and analyze the AE data [118]. The AE system
hardware used in this investigation consists of piezoelectric sensors, preampliﬁers, ﬁlters,
ampliﬁers, a signal processing computer, a display monitor, and a printer. A two-channel
mode was used. The sensors were adhesively bonded to the surface of the tensile coupon
by a silicone rubber, which insures good bonding between the sensor and specimen. Data
consisting of load, time, and AE parameters (energy, events, hits, counts, amplitude, rise
time, counts to peak, and duration) were recorded in the hard drive of the main processor

unit during testing to be retrieved later for data reduction. During the data-analysis stage,
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:he various AE parameters to fatigue damage, and to weed out noise signals [21].

3.6. NDE for Fractured CFCC Samples

NDE with several techniques, such as UT, CT, and IR thermography, were performed on
damaged samples after mechanical testing. Based on NDE results, the assessments of
damage evolution were conducted. The same procedures for UT, CT, IR thermography
methods, as described previously, were performed for broken CFCC samples.
Especially, the evolution of inherent defects and progressive damages were carefully
investigated with obtained NDE results. Moreover, the NDE results before, during, and
after mechanical testing were quantitatively compared.

3.7. Microsturctural Characterization

Optical microscopy (OM) and scanning electron microscopy (SEM) were used to
characterize both the fracture surface and interlaminar microstructure. Especially, SEM
has unique capabilities for analyzing surfaces. Due to its excellent depth of ﬁeld, deﬁned
as the ability to maintain focus across a ﬁeld of views regardless of surface roughness,
SEM allows the examination of very rough surfaces, and the high resolution of the
instruments facilitates the observation of very ﬁne surface and microstructure details.
Owing to these beneﬁts, SEM was used to investigate the microstructures and surface
morphology of CFCC samples. SEM was employed to study the fracture mechanisms of
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CFCC coupons during both tensile and fatigue tests. In this investigation, fractography
studies were performed using a Cambridge Stereoscan 360 SEM available at the
University of Tennessee.
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NONDESTRUCTIVE EVALUATION AND MECHANICAL BEHAVIOR
OF NICALONTM/SIC COMPOSITES

Several kinds of nondestructive evaluation (NDE) techniques, including ultrasonic testing
(UT), X-ray computed tomography (CT), and infrared (IR) thermography, have been
used to characterize the integrity of the composites.

UT C-scans were developed on

tensile specimens of two different types of continuous NicalonTM ﬁber reinforced SiC
composites: plain-weave and 0°/90° cross-ply composites, to investigate defect
distributions and to detect variations in the internal ﬂaws.

X-ray CT was used to

characterize the type of defects and the location of ﬂaws in the composites to compare
with UT C-scan results. IR thermography was conducted to generate thermal diffusivity
maps for CMC samples. The relationship between the relative ultrasonic transmitted Cscan amplitude and the porosity determined based on CT was quantitatively formulated.
A qualitative relationship between UT C-scan images and thermal diffusivity maps has
been found. This chapter also investigates the feasibility of using NDE techniques as the
integrity assessment means for CMCs. Moreover, the relationships between UT and CT,
and between UT and IR thermography results, seem to be consistent with theoretical
predictions.

IR thermography was also employed to measure temperature evolution

during tensile testing. The tensile testing results showed quite reasonable agreement with
previous NDE results.

Microstructural characterization was performed using SEM to
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investigate failure mechanisms of NicalonTM/SiC composites, and the results were
compared with NDE data.

4.1. The Relationship between UT and CT

4.1.1. Ultrasonic Testing (UT) Characterization Before Tensile Testing

Figures 4.1 and 4.2 illustrate the results of the UT C-scan versus the X-ray CT of the
plain-weave and the cross-ply specimens, respectively. As shown in Figs. 4.1 and 4.2,
the color scheme is such that blue and green colors (dark areas in the black and white
photograph) correspond to high amplitudes of transmitted ultrasonic signals, which are
less attenuated by the anomalies and derive from the overall “good” or “dense” region in
the composite.

The red and yellow colors (bright areas in the black and white

photograph) correspond to low amplitudes, which are greatly attenuated by the defects
and result from generally “bad” or “porous” areas. This color scheme is based on the
relative amplitude range of transmitted ultrasonic waves.

The range of the relative

amplitude is from “0” to “1” with “0” corresponding to the smallest relative amplitude
and “1” the largest amplitude. Defects distributions have been designated as a C-scan in
light of the UT transmitted amplitudes (Figs. 4.1 and 4.2). In other words, for an area
containing a greater amount of defects, more UT waves will be deﬂected and/or scattered
by the defects, resulting in lower amplitudes of transmitted UT waves.
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3C

Fig. 4.1.

Amplitude of transmitted ultrasonic pulse

3A

Ultrasonic C-scan versus CT-scan for a woven NicalonTM ﬁber reinforced

composite (sample 3). Note that the CT-scans are along the width direction (Y-Z plane)
of the sample.
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Fig. 4.2. Ultrasonic C-scan versus CT-scan for a O°/9Oo cross-p1y NicalonTM ﬁber
reinforced composite (sample 6). Note that the CT-scans are along the width direction
(Y-Z plane) of the sample.
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of both plain-weave and cross-ply composites. In the case of a plain-weave specimen
(sample 3), as shown in Fig. 4.1, comparatively uniform amplitude distributions have
been obtained through the whole specimen except the gage section. Relatively less
amplitude distributions could be seen at the gage section, and it may have resulted from 2
greater amount of porosity in the composite. However, relatively higher values of the
amplitudes have been presented at both shoulder sections of the specimen.

In the case of the O°/90° cross-ply specimen (sample 6) in Fig. 4.2, it seems to b
generally “bad” in the gage section in comparison with the shoulder section. In othe
words, like a woven specimen, similar results have been obtained for the cross-pl
specimen; that is, a “good” region was found at both shoulder sections, but severe ﬂax
distributions have been shown at the gage section. Although the tensile specimens use
for this investigation are in the as-received condition, we could infer that the variations i;
UT amplitudes between the gage and shoulder sections result from a greater amount (3
machining-induced damage in the gage section than in the shoulder section.

4.1.2. X-ray Computed Tomography (CT) Characterization

The purpose of using CT was to demonstrate the relationship between the transmitte
ultrasonic amplitude of the C-scan and the extent of porosity and/or internal ﬂaw
revealed by CT. The defects of a specimen seem to be distributed through the whol
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specimen, as shown in Figs. 4.1 and 4.2 for the plain-weave and cross-ply composites,
respectively, which were taken along the width direction (Y-Z plane) of the sample.

Figures 4.3 and 4.4 show the CT-scans along the length direction (X-Z plane) of the
specimen for woven and cross-ply composites, respectively.

Since the UT amplitude

distributions vary more signiﬁcantly along the length direction than the width direction,
CT-scans were conducted along the length direction to show the UT amplitude variation
along the X-Z plane.

Figure 4.5 illustrates the formation of a CT-scan image from a cross-sectional slice of the
specimen.

Each CT-scan image was obtained from the cross-sectional image of the

specimen because the CT was performed to form a cross-sectional slice of the specimen.
Each point on the cross section of the specimen, such as P, Q, R, and S, corresponds to P',
Q', R', and S' of the CT-scan image, respectively. The lines, PQ and P'Q', correspond to
the front face of the specimen, and the lines, RS and R'S', are for the back face. All CT-

scan results, obtained through these methods, are shown in Figs. 4.1 to 4.4.

4.1.2.1. CT-scans Along the Width Direction of the Sample

The CT scans were made through three different cross sections of each specimen,
indicated by the letters A, B, and C (Figs. 4.1 and 4.2). These sections were carefully
chosen in speciﬁc areas to relate to the UT C-scan images with the CT scan results.
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Amplitude of transmitted ultrasonic pulse

Fig. 4.3.

Ultrasonic C-scan versus CT-scan for a woven NicalonTM/SiC compositt

(sample 3). Note that the CT-scans are along the length direction (X-Z plane) of thr
sample.
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Amplitude of transmitted ultrasonic pulse

Fig. 4.4.

Ultrasonic C-scan versus CT-scan for a cross-p1y NicalonTM/SiC composite

(sample 6). Note that the CT-scans are along the length direction (X-Z plane) of the
sample.
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Fig. 4.5. An illustration of the cross-sectional slice in the formation of a CT-scan image.

For example, the sections of the woven composite (specimen 3) were chosen as the best,
the worst, and the intermediate C-scan amplitude distributions for A, B, and C,

respectively, as presented in Fig. 4.1; that is, the 3A section was composed of a series of
relatively higher values of UT transmitted amplitudes along the cross-sectional direction
of the plain-weave specimen, which is along the width direction (Y-Z plane) of the
sample. The 3B section consisted of a cross section generally containing the points of the
lowest UT transmitted amplitude values.

The intermediate amplitude distribution

between the 3A and the 3B sections was chosen as the 3C section. A similar selection
scheme was used on the cross-ply specimen, sample 6 (Fig. 4.2). Note that A and C are
located in the grip section of the sample, while B is in the gage section.
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A visual examination of the C-scan image versus CT-scan shows a reasonably good
relationship between the amount of porosity and transmitted amplitudes. Note that the
dark areas in the CT-scans (Figs. 4.1 and 4.2) indicate the presence of porosity and/or
defects in the composites, as further discussed in the following sections. In the case of a
woven specimen (Fig. 4.1), the 3A section includes less defects or greater UT wave
amplitudes than any other section, such as 3B or 3C, from the C-scan data. The results of
CT-scans for these sections displayed a good relationship with the C-scan data.
Speciﬁcally, the CT-scan of the 3A section has seemingly less porosity than that of the
3B or 3C section, which is in a good agreement with those of the UT C-scans, i.e., the Cscan of the 3A section demonstrates greater transmitted amplitudes than the 3B or 3C
section.

Figure 4.6 represents good evidence of the agreement between the CT result and optical
microscopy, as shown in the CT-scan of the 3A section of the woven composite. On the
CT-scan of the 3A section, a black region, T, was located on the upper left corner in Fig.
4.6(b), and the corresponding microstructure of the woven composite was photographed
using optical microscopy, as shown in Fig. 4.6(a). The black region, T, [Fig. 4.6(b)]
corresponds to the intersection void in Fig. 4.6(a). Thus, the dark color region in the CTscan can be related to the voids in the ceramic composites.
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l min

(a) Optical Microscopy

Fig. 4.6.

(b) CT (3A)

The visual agreement between the CT scan and actual flaw through optical

microscopy for a woven specimen (sample 3). There is a corresponding intersection void
between the CT scan and optical microscopy.
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(a) Optical Microscopy

(b) CT (6C)

Fig. 4.7. The correlation between the optical microscopy and CT-scan for a cross-ply
specimen (sample 6).

In the case of the cross-p1y specimen, as presented in Fig. 4.2, especially at the 6B
section, a much greater amount of defects could be seen on the cross section (on the Y-Z
plane) of the specimen from the CT-scan in comparison to 6A or 6C.

This trend is

consistent with the results of C-scans, i.e., the 6B section has much lower transmitted

amplitudes than the 6A or 6C section.

At the 6C section, surface spalling defects were observed along the back face of a crossply specimen using optical microscopy [Fig. 4.7(a)]. The CT-scan of the 6C section is
shown in Fig. 4.7(b). and the dark (concave) region, T', corresponds to the spalling

87

buuacc

navy

U11

ulC

apccuucu.

Luvs»

uavvo

111151“.

uavu

uwvuxxvu

uu11115

lilavuuuus.

Thus, Fig. 4.7 represents a good agreement between the CT result and the microstructures
photographed using optical microscopy in the cross-p1y composite.

4.1.2.2. CT-scans Along the Length Direction of the Sample

Since the UT C-scan amplitude is more likely to change signiﬁcantly through the length
than the width direction of the specimen, CT was conducted along the length direction as
shown in Fig. 4.3. Figure 4.3 presents the relationship between UT and CT, which is
done on the X-Z plane and along the length direction of the specimen. The CT results in
Fig. 4.3 were separated into three segments, A, B, and C. Note that A and C are in the
grip sections, while B is in the gage section. Figure 4.3 shows that in the UT C-scan
results, the grip section, B, demonstrates relatively lower values of UT amplitudes than
both shoulder sections, A and C. These different UT amplitude variations are consistent
with the CT-scan results. The B section in CT on the X-Z plane contains more porous
regions, of designated black color, than A or C section. The same trend was observed in
the case of the cross-p1y composite specimen (specimen 6), as presented in Fig. 4.4.
Thus, there is a good agreement between UT and CT results on the X-Z plane (Figs. 4.3
and 4.4), as also observed on the Y-Z plane (Figs. 4.1 and 4.2).
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4.1.3. Quantitative Analysis

To quantify the CT results, a porosity calculation was performed using a National
Institutes of Health (NIH) Image analysis software, which was deve10ped for a
MacintoshTM computer. The NIH Image is a very effective software to analyze an image
containing the digitized data.

Fundamentally, it is a computer-based image analyzer

using a scaling system for pixels, which has a one to one correspondence to the darkness
of the CT-scan. The fundamental concept of the NIH Image analyzer is based on the
densitometric analysis, which depends on color density measurements between pixels of
an image.

Through these analyses, the results of relative density calculations in the

different color density areas can be obtained. On the NIH Image analyzer, the region
containing porosity and/or defects has been assumed to be of black color on the CTscans, whereas the white region regarded as a defect-free area.

A relative color

distinction between white and black regions made possible the calculation of the amount
of porosity and/or defects on the CT results.

The relationship between the UT transmitted amplitudes and the amount of porosity is
presented in Figs. 4.8 and 4.9. Figures 4.8(a) and (b) represent the relationship between
the UT amplitude and porosity along the width direction of the specimen for the woven
and cross-ply composites, respectively, while Figures 4.9(a) and (b) exhibit the results
along the length direction of the sample.
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Fig. 4.8.

Relationship between the UT amplitude and CT porosity for (a) a woven

:omposite (sample 3) and (b) a cross-ply composite (sample 6). Note that CT results are
along the width direction (Y-Z plane) of the tensile specimen.
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Fig. 4.9.

Relationship between the UT amplitude and CT porosity for (a) a woven

composite (sample 3) and (b) a cross-ply composite (sample 6). Note that CT results are
along the length direction (X-Z plane) of the specimen.
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both woven and cross-ply composites regardless of the width or length direction of the
sample. This trend results from the fact that the greater the amount of porosity, the less
the transmitted ultrasonic amplitude is. Moreover, there is an exponential relationship
between the UT transmitted amplitude and the amount of porosity. Therefore, there is an
overall good exponential relationship between the UT transmitted amplitude and
porosity, which provides an effective and consistent way to assess the quality of
continuous NicalonTM fiber-reinforced silicon carbide composites using both UT and CT
methods.

It is worthwhile to note that the resolution in the UT C-scan image was far less than the
X-ray CT-scan image, the width of the C-scanned specimen was determined in 10 pixels
for the gage section, and 20 pixels for both shoulder sections, whereas the CT specimen
widths contained 350 and 650 pixels, respectively.

In summary, a reasonable relationship has been observed between the ultrasonic C-scan
amplitude and the amount of porosity determined from computed tomography.

Thus,

both UT and CT can be used to detect variations in porosity as well as characterize the
defect distributions in CMCs.
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4.1.4. Theoretical Approach

The rate of the decrease in the ultrasonic amplitude indicates an extent of attenuation and
can be used to infer many properties of the test object [119]. Generally, the feature is a
continual decrease in the ultrasonic amplitude as the echo signals reverberate between the
faces of the test specimens. Mathematically, the attenuation is generally deﬁned in terms
of the imaginary part of the sound wave propagation vector, k, that appears in a solution
to wave equations in the form;

sin (wt - kx), cos (wt - kx) 0r exp 1' (wt - kx)

(4.1)

where w is the angular frequency (21: times the frequency in MHz), t is the time
(microseconds), x is the distance coordinate, and i is the square root of -1.

For solids with attenuation, the magnitude of the propagation vector is

k = — — ia

(4.2)

where, k is the wave length or the phase velocity divided by the frequency, and on is the
attenuation coefﬁcient.
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shows a decrease in the amplitude as a function of the distance, x, in accordance with the

equation.

A = A0 exp(—0Lx)

(4.3)

where, A0 and A are the amplitudes at the beginning and end, respectively, of a section of
material having a thickness, x, and an attenuation coefﬁcient, on.

The units of 0!. are

nepers (Np) per unit distance (the neper is a natural logarithm of the ratio of two
amplitudes). Therefore, the attenuation is measured in Np/cm (le/cm = 8.6 dB/cm).

Gubernatis and Domany [120] and Adler, Rose and Mobley [121] have developed exact
expressions for estimating the attenuation in porous media. The general solution of these
formal expressions is intractable. They introduced the approximation that correlations
between scatterers are unimportant. They demonstrated that the following equation is yet
a further approximation to this result.

1

a = -2—ny (k)

(4.4)

where, n is the number density of pores, and y (k) is the total cross section which is
related to scattering by each pore. Also, y (k) is a function of the geometric factors, such
as the pore radius, or the volume fraction of pores. Equation (4.4) has previously been
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given by Evans et al. [122].

Note that in Eq. (4.4), Adler, Rose, and Mobley have

emphasized a small volume fraction of pores less than 6% in structural materials to
simplify the scattering and attenuation effect between ultrasonic waves and porosities
[121], whereas, in the present work, our emphasis is on the relationship between the

ultrasonic amplitude and the density of pores.

Now we can obtain the following relationship between the relative ultrasonic transmitted
amplitude and the attenuation by rearranging Eq. (4.3),

— = exp(—0tx)

(4.5)

where, the ratio A/Ao is the relative ultrasonic transmitted amplitude.

In this investigation, since the pore scattering effect by the ultrasonic transmitted
amplitude has been ignored, we have obtained a relationship between the relative
ultrasonic transmitted amplitude and the number density of porosity of the X-ray
computed tomography by the combination of Eqs. (4.4) and (4.5); that is, now, the
relation between the relative ultrasonic transmitted amplitude and porosity can be
obtained, as shown in the following equation,

A = exp(— nf)
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(4.6)

where n is the number density of porosity, and f is a constant which is related to the

.

1

.

.

.

geometrlc factor [f = 3y (k)x ]. In Eq. (4.6), we can d1rectly expect the ratlo, A/Ao, IS an

exponential function of n. The present theoretical predictions seem to be in agreement
with the experimental results as shown in Figs. 4.8 and 4.9.

In this derivation, we should note that most theories treating the ultrasonic attenuation are
for simple systems, which are homogeneous and isotropic. Moreover, voids are usually
assumed to be small and uniform in size and shape, and the volume percent of voids is
low. This is especially not true for the present porous CMCs. Pore scattering, which
plays a major role in affecting the ultrasonic transmitted amplitude, has been considered
in the term. y (k), in Eqs. (4.4)-(4.6).
reduction.

It is the main reason for the signal amplitude

In a phenomenological sense, the attenuation coefﬁcient, 0L, in Eq. (4.5)

contains all mechanisms for signal reduction, mainly scattering. Also, we have to note
that Eq. (4.6) follows from Eq. (4.4), but Eq. (4.4) may be too simpliﬁed to be valid for

CMCs.

Further theoretical work needs to be developed for modeling the ultrasonic

response of CMCs. Thus, Eq. (4.6) only provides a guide for the present CMCs.

4.1.5. Summary

Studies of the nondestructive evaluation of continuous NicalonTM ﬁber reinforced SiC

CMCs lead to the following conclusions. CT images can be related to the UT results.
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CT-scans reﬂect the relative UT amplitude distribution of the NicalonTM/ SiC composites,
and the relationship between UT and CT-scans can provide an effective means for NDE
of CMCs. The relative transmitted UT amplitude rapidly decreases as the amount of
porosity increases. Moreover, an exponential relationship between the UT transmitted
amplitude and the extent of porosity seems to be present for both woven and cross-ply
NicalonTM/SiC composites. Although some limitations exist on the applications of the
ultrasonic wave propagation theory for CMCs, there seems to be a good agreement
between the theoretical predictions and experimental results in relating the UT
transmitted amplitude to the extent of porosity.

4.2. The Relationship Between UT and IR Thermography

4.2.1 . IR Thermography

Figure 4.10 presents the NDE results prior to mechanical testing, i.e., UT C-scans and
thermal difquivity maps for plain-weave NicalonTM/SiC composites, respectively.

UT C-scan results present a somewhat different result for samples 1 and 3 in terms of
ultrasonic transmitted amplitudes.

Sample 1 shows relatively higher values of a UT

transmitted amplitude distribution through the overall gage section, while sample 3
presents generally lower values of UT transmitted amplitudes through the whole sample.
Due to the attenuation and/or reﬂection of UT sound waves at the presence of pores
and/or defects, relatively lower values of UT amplitudes have been obtained in the
97
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Fig. 4.10. A qualitative relation between (a) UT C-scans and (b) thermal diffusivity maps
obtained for plain-weave NicalonTM/SiC samples before mechanical testing. Note that all
NDE results were obtained from the gage section of each dog-bone type ﬂat bar tensile
specimen.

defects-contained areas. In this respect, sample 3 may contain more defects/pores than
samples 1. Generally, dark color areas indicate higher UT amplitude values and defectfree areas, and light color areas represent defects-contained regions.

In Fig. 4.10(a),

sample 3 has a greater possibility to have defects in the composites than that of sample 1.
Figure 4.10(b) exhibits thermal diffusivity maps for samples 1 and 3 with a thermal
diffusivity range of 0.005 to 0.02 cmz/sec. A similar trend has been found in thermal
diffusivity maps; sample 1 shows relatively higher thermal diffusivity values than sample
3 through the gage sections of the composites. Since the presence of defects retards the
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rate of the heat ﬂow, relatively lower thermal diffusivity can be obtained in the areas
around defects in sample 3 than sample 1.

Seemingly, the qualitative consistency between the UT transmitted amplitude and
thermal diffusivity has been presented in Fig. 4.10. In sample 1, much higher thermal
diffusivity can be seen along the centerline in the length direction of the sample, while
sample 3 shows somewhat lower values of thermal diffusivity through the whole gage
section of the specimen. Similarly, sample 1 demonstrates greater UT signatures than
sample 3. A qualitative agreement can be found in the comparison between the UT Cscans and thermal diffusivity maps, as shown in Fig. 4.10(a) and 4.10(b), i.e., sample 1
exhibits greater UT transmitted amplitudes and thermal diffusivity than sample 3.

A similar trend has been found in the case of cross-ply NicalonTM/SiC composites, as
shown in Figs. 4.11(a) and (b) for the UT C-scans and thermal diffusivity maps,
respectively. In Fig. 4.11(a), UT C-scan results for cross-ply composites showed overall
lower UT amplitude signatures for most samples, as compared with plain-weave
composites [Fig 4.10(a)]. Sample 8 exhibited somewhat higher UT signatures through
the gage section of the sample than other samples.

In Fig. 4.11(b), thermal diffusivity

maps for cross-ply composites presented various variations of thermal diffusivity through
the gage section of the each sample. Unlike UT C-scan results [Fig. 4.1 1(a)], sample 10
showed relatively higher values of thermal diffusivity.
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UT Transmitted Amplitude

0.02

Thermal Diffusivity (cmz/sec)

(a)

(b)

Fig. 4.11. A qualitative relation between (a) UT C-scans and (b) thermal diffusivity maps
obtained for 0°/90° cross-p1y NicalonTM/SiC samples before mechanical testing. Note that
all NDE results were obtained from the gage section of each dog-bone type ﬂat bar
tensile specimen.

Qualitatively, there seems to be agreement between the two images of UT C-scans and
thermal diffusivity maps, i.e., very low values (dark color) of UT amplitudes can be seen
on the left-hand side of the gage section in sample 6, and the corresponding area on the
thermal diffusivity map (Fig. 4.11) represents low values (light color) of thermal
diffusivity. For sample 10 in Fig. 4.11(a), some of the right-hand side of the gage section
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exhibits dark color areas (higher UT transmitted amplitudes), which means relatively less
defects-contained areas than light color areas. The area in the thermal diffusivity map
[Fig. 4.11(b)] presents relatively high values of the thermal diffusivity (dark color). The
qualitative similarity between UT C-scans and thermal diffusivity maps could also be
seen in samples 8 and 9.

After the investigation of the qualitative correlation between the UT amplitude and
thermal diffusivity, quantitative analyses have been conducted on NicalonTM/SiC samples
based on both NDE results. The current image analyses were performed on a Macintosh
computer using the public domain NIH Image program [developed at the US. National
Institutes of Health (NIH) and available on the Internet at http://rsb.info.nig.gov/nihimage/] to establish a quantitative relationship between the UT amplitude and thermal
diffusivity.

Since both images, UT C-scan and thermal diffusivity images, presented

more variations along the length direction of the specimen, a line proﬁle was drawn along
the length direction of the specimen. Also, the line was drawn at the center of the width
direction of the specimen as described in Figs. 4.l2(a) and (b).

The NIH Image software provides a plot proﬁle for a given line proﬁle, and the plot
proﬁle [pixels (y-axis) vs. the length of line proﬁle (x-axis)] can be converted into data
values, and the relative pixel values for the subsequent image analyses could be obtained.

The same image analyses were performed for all plain-weave (samples 1 and 3) and
cross-ply (samples 6, 8, 9, and 10) NicalonTM/SiC composites.
lOl

(b)

Fig. 4.12. The line proﬁles for NIH image analyses on (a) thermal diffusivity map and
(b) UT C-scan of #1 specimen, respectively.

Since there were differences in resolution (pixel size) between two images, i.e., the

thermal diffusivity map showed about 380 to 400 pixels along the length direction of the
sample, while the UT C-scan image contained 220 to 250 pixels along the length
direction of the specimen with different samples.

In order to perform the direct

comparison between two images, 20 data points, which are equally spaced along the
length direction of each sample, per each image were carefully selected. Each data point
was obtained by taking an average of the values from each portion among the total of 20
portions.
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Figures 4.13 and 4.14 show the relation between the UT amplitude and thermal
diffusivity for plain-weave and cross-ply Nicalon/SiC composites, respectively.

As

predicted in previous images (Figs. 4.10), sample 3 presented relatively low values of
thermal diffusivity and UT amplitude, compared to sample 1. Also, we could say that
there is a relation between the thermal diffusivity and UT amplitude. In other words, the
UT amplitude increases as thermal diffusivity increases, as exhibited in Fig. 4.13, for
plain-weave composites.

For cross-ply composites, although the data was somewhat

scattered, which is due to more variations along the length direction of the specimens
compared to plain-weave composites.

Overall, it was observed that the thermal

diffusivity increases with increasing the UT amplitude, as shown in Fig. 4.14.

Although the relationship between the two images of the UT C-scan and thermal
diffusivity map seems to exist, it is difﬁcult to say whether it is linear, exponential, or
polynominal function. Further study is needed to predict the exact trend between the two
images.

Figure 4.15 represents the positions of actual fracture after tensile testing. NDE results
before mechanical testing showed a defect distribution in terms of UT transmitted
amplitudes. The data also indicated the possibility of the presence of the defects and/or
porosity. Based on tensile testing results, it was true that the actual failures occurred at
the defect-rich areas or lower UT transmitted amplitudes, as shown in Fig. 4.15 for both
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(a) Plain-weave Nicalon/SiC composites
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0

l

UT Transmitted Amplitude
(b) O°/90° cross-ply composites

Fig. 4.15. The solid lines indicate actual fracture positions; the ﬁnal ruptures occur along
the lowest ultrasonic signatures for the most samples.

plain-weave and cross-ply NicalonTM/SiC compositesln this respect, NDE before
mechanical testing is important to provide defect information of the virgin material as
well as to predict the ﬁnal rupture position.

Moreover, NDE can be a powerful

characterization means to obtain these kinds of information.

Figures 4.16 and 4.17 present IR camera images and temperature evolutions during
tensile testing for plain-weave and cross-ply NicalonTM/SiC composites, respectively.
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Fig. 4.16. IR camera images and temperature evolution during tensile testing for plainweave NicalonTM/SiC composites (Sample 1).
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' Fig. 4.17. IR camera images and temperature evolution during tensile testing for crossply NicalonTM/SiC composites (Sample 6).

The temperature increase has been observed at the time of fracture. The IR camera speed
was 2 Hz, which means that every half a second the temperature evolution information
was captured. The lower picture [Fig 4.16(c)] shows the temperature evolution at the

moment of fracture of plain-weave NicalonTM/SiC composite, and the upper picture [Fig
4.16(a)] presents the result at just half a second before failure.
108

In order to display

temperature variation along the length direction of the sample, a line proﬁle was drawn as
shown in Figs. 4.16(a) and 4.16(c) and Figs. 4.17(a) and 4.17(c). The right-hand side
proﬁles, Figs. 4.16(b) and 4.16(d) and Figs. 4.17(b) and 4.17(d), represent the actual
temperature increases before and at the moments of failures, respectively.

Especially, Figs. 4.16(b) and 4.17(b) exhibit the hump shape temperature variations along
the length direction of the sample. This is due to the heat conduction along the length
direction (x-axis), i.e., there is heat conduction to both cold ends of the sample.

As a

result, the center of the sample has a greater temperature than both ends of the sample.
Note that those data are still under careful investigations, and the plots in this paper are
based on preliminary testing data. The temperature calibration results before and after
tensile testing showed that a 30 IR unit represents 1K for both composites.

The plots exhibit temperature variations along the length direction of the sample (x-axis)
with the IR unit (y-axis) in Figs. 4.16 and 4.17. In Fig. 4.16, sample 1, the plain-weave
NicalonTM/SiC composite shows the IR range of 1,505 to 1,739 unit. Therefore, we can
infer that a temperature increase of about 8°C has been shown at the time of fracture [Fig.
4.16(d)]. Similar results have been obtained in the case of cross-ply composites as shown
in Fig. 4.17. However, a lower temperature increase has been obtained as compared with
a plain-weave composite. The cross-ply NicalonTM/SiC composite (sample 6) presents a
temperature peak about 160 IR unit (about 5°C) at the moment of failure, as shown in

Fig. 4.17(d).
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Generally, plain-weave composites exhibited a higher temperature increase at the time of
failure, while cross-ply composites presented a lower temperature increase than plainweave composites.
composites.

This is mainly due to different fracture mechanisms of those

The temperature evolution at failure can be possible, resulting from

frictional forces and interfacial debonding and sliding between the ﬁber and matrix.
Although scanning electron microscopy (SEM) work is still required to investigate the
fracture surfaces of tested samples, the composites had different fracture mechanisms,

i.e., plain-weave composites showed matrix cracking and debonding at the ﬁber/matrix
interface, followed by ﬁber pullout through the whole layers of composites without
delamination between each layer, and the failure occurred along the normal direction to
the loading direction.

On the contrary, in the case of cross-ply composites, the

delaminations between the 0° and 90° laminae, parallel to the loading direction, occurred
ﬁrst, and ﬁber debonding and ﬁber pullout of each lamina was followed, subsequently,
along the normal direction to the loading direction until ﬁnal failure. At this point, we
could infer that the layers of 2D composite architecture (plain-weave composites) provide
stronger frictional forces between the ﬁber and matrix than the combination of
delamination and single laminar fracture (cross-ply composites), which gives a greater
temperature at fracture in plain-weave composites than cross-ply composites. Therefore,
the variations in the amount of frictional forces of the composites resulted in different
temperature increases.

llO

Figures 4.18 and 4.19 show the tension behavior of plain-weave and cross-ply
NicalonTM/SiC composites, respectively. In Fig. 4.18, the ultimate tensile strength (UTS)
values are about 220 MPa. As expected from NDE results, sample 3 shows a lower UTS
value and a lower elongation than sample 1, purely due to the presence of defects inside
the composite. In Fig. 4.19, unlike plain-weave composites, not much distinction among
composites has been presented, and tensile data were scattered. As predicted by NDE
results (Fig. 4.11), UT amplitude variations were similar to one another.

Generally,

cross-ply composites present higher UTS values (about 280 MPa) and higher elongation
than those of plain-weave composites.

4.2.2. Summary

The current study provides the following summary.
1. Both qualitative and quantitative relations between the UT transmitted amplitude and
thermal diffusivity have been observed; qualitatively, an agreement between the UT Cscan images and thermal diffusivity maps has been presented, and quantitatively, thermal
diffusivity increases as the UT amplitude increases in NicalonTM/SiC composites.
2.

There is an agreement between the NDE predictions and tensile testing results in

assessing mechanical properties of CMCs, though the scattered data have been found in
cross-ply composites.
3. The combination of several NDE techniques can assure greater reliability for CMCs
evaluation to investigate the fracture behavior of NicalonTM/SiC composites.
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4.3.1. Toughening Mechanisms in Plain-weave NicalonTM/SiC Composites

Figure 4.20 shows the SEM micrographs of planar and cross-sectional views of plair
weave NicalonTM/SiC composites around the fracture surfaces. The bundles of 90° warp
(parallel to the loading direction) present signiﬁcant amounts of ﬁber pullout and ﬁbe
fractures.

Also, the bundles of 0° ﬁlls present similar aspects, as compared with 9C

warps, as shown in Fig. 4.20(a). In the cross-sectional view, Fig. 4.20(b), the separatio
between 0° and 90° bundles can be seen, and extensive ﬁber pullout and broken ﬁbers ar
presented at the ﬁnal failure regions.

Figures 4.21(a) and (b) depict a series of failure behavior in plain-weave NicalonTM/Sit
composites.

The severe matrix crack propagates along the loading direction of th

NicalonTM/SiC sample with debonding between the SiC matrix and NicalonTM ﬁbers. Th
load transfer was achieved through 0° ﬁll and 90° warp, as shown in Fig. 4.21(b), 2
lower magniﬁcation. The ﬁnal failure occurred at 90° warp followed by extensive ﬁbe
pullout.

Figure 4.22 shows another example of matrix crack propagation in a 0° ﬁl

Figure 4.23 presents multiple matrix cracking at a 0° ﬁll followed by failure of a 9C
warp with ﬁber pullout at the tip of fracture surface.
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0° Fills

90° Warps

ading
ection

(b) Cross-sectional view
Fig. 4.20.

SEM micrographs of fracture surfaces of plain-weave NicalonTM/SiC

composites.
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(b) lower magniﬁcation
Fig. 4.21. SEM micrographs showing ﬁber pullout of the 90° warp followed by severe
matrix cracking of the 0° ﬁll with (a) relatively higher magniﬁcation, and (b) lower
magniﬁcation.
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Fig. 4.22. SEM micrograph of multiple matrix cracking at 0° ﬁll.
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Fig. 4.23. Multiple matrix cracking at a 0° ﬁll followed by failure of a 90° warp with
ﬁber pullout at the tip of a fracture surface.
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The debonding of the ﬁber and matrix and crack propagation provide the energy
absorption mechanisms in NicalonTM/SiC composites. Complete debonding of the 0° ﬁll
due to the failure of the 90° warp with ﬁber pullout also provides the retardation of crack
propagation, as shown in Fig. 4.24. Figures 4.25 and 4.26 show the ﬁnal ﬁber pullout,
which is indicative of toughness of CFCCs with graceful failure. Figure 4.27 shows the
planar views of fracture surfaces for samples 1 and 3, respectively. Figure 4.27 provides
another clue that the ﬁnal failure occurred at a 90° warp along the loading direction. 0°
ﬁlls play a role to retard the crack propagation, and hold the applied load until the crack
transfers to 90° warp. Finally, the failure is achieved by the combination of the 90° warp
ﬁber pullout and ﬁber fracture.

Figures 4.28 and 4.29 present the cross-sectional views of the entire fracture surfaces of
plain-weave composites with two pieces for samples 1 and 3, respectively. In Fig. 4.29,
for sample 3, a relatively larger amount of debonding between 0° ﬁlls and 90° warps has
been shown. Much more initial defects were presented in sample 3 as compared with
sample 1. Previous UT C-scan results showed the overall lower transmitted amplitude
values throughout the gage section in sample 3 than sample 1 (Figs. 4.10 and 4.15). The
ﬁnal load transfer or crack propagation was accomplished through the intersection
defects, mainly intersection voids between 0° ﬁll and 90° warp.

However, in Fig.

4.28(b), for the case of a small amount of initial defects, the ﬁnal failure occurred through
the 90° warps with ﬁber pullout and/or without debonding between the 0° and 90° ﬁber
bundles. In summary, the crack or matrix cracking ﬁrst starts at the intersection between
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Fig. 4.24. Complete debonding ofa 0° ﬁll due to the failure of a 90° warp with ﬁber
puHout
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Fig. 4.25.

SEM micrograph showing extensive ﬁber pullout on the fracture surface.
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Fig. 4.26.

Fracture surface of plain-weave NicalonTM/SiC composite showing ﬁber

puHout
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(a) Sample 1

Fig. 4.27.

(b) Sample 3

SEM micrographs of planar views of fracture surfaces of plain-weave

composites through the whole widths; (a) sample 1 and (b) sample 3, respectively.
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Fig. 4.28. Cross-sectional views of the entire fracture surfaces of plain-weave composites (Sample 1).

(b)
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Fig. 4.29. Cross-sectional views of the entire fracture surfaces of plain weave composites (Sample
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to retard ﬁnal load transfer with further multiple matrix cracking and the debonding at the
ﬁber and matrix.

The ﬁnal ruptures are achieved by holding the ﬁnal applied load

through the 90° warp ﬁber bundles followed by extensive ﬁber pullout.

4.3.2. Toughening Mechanisms and Failure Modes in Cross-ply Composites

Figure 4.30 shows the architecture and microstructure of cross-ply NicalonTM/SiC
composites.

The composites provide an alternate stacking of 0° and 90° laminates as

shown in Fig. 4.30. The main defects include the interlaminar porosity and delaminatior
between each laminate, as described in Chapter 3.

Figure 4.31 presents the fracture mechanisms in 0°/90° cross-ply NicalonTM/SiC
composites.

The mechanisms include the initial matrix cracking in the 0° laminate.

followed by debonding at the ﬁber and matrix interface, and further crack propagatior
into the 90° laminate with the delamination between the 0° and 90° laminates. Finally,
the rupture occurs along the 90° laminate with a signiﬁcant amount of ﬁber pullout. The
debonding and delamination were shown in Fig. 4.31.

Figure 4.32 presents a close-up view of the delamination between the 0° and 90c
laminates, and also exhibits crack propagation in the 0° laminate. Figure 4.33 shows 2
SEM micrograph with delamination, breakdown in the 0° lamina, and ﬁnal failure of the
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Fig. 4.30. SEM micrograph of cross-ply NicalonTM/SiC composites.
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Fig. 4.33.

Delam1nat1on breakdown in the 0° laminate, and ﬁnal failure of the 90°

laminate with ﬁber pullout.
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90° laminate with ﬁber pullout.

Figure 4.34 presents severe delaminations after the

failure of the 0° and 90° laminates.

Figures 4.35 to 4.37 present the cross-sectional views of the fracture surfaces for 0°/9OO
cross-ply NicalonTM/SiC composites.

Samples 6, 8, 9, and 10 showed the failure

procedures, which described previously, i.e., the 0° laminate failure, delamination, and

ﬁnal 900 laminate failure. However, the degrees of delamination were quite different
from each sample. Also, the amount of failure regions was different.

Samples 6 and 10 showed localized failures from fracture surfaces, i.e., the overall
fracture surface length of each sample was not too long, less than 10 mm of fracture
areas.

However, samples 8 and 9 showed extensive delamination through the gage

length, which means that extensive delamination along the loading direction was
developed through the gage section after the ﬁrst crack initiation, and then, ﬁnal rupture
areas were remote from the crack initiation sites, as shown in Figs. 4.36 and 4.37(a).
During those processes, more frictional heating could develop, and more temperature
increases can be found, as described in the previous section (Figs. 4.12 and 4.13).

In terms of the degree of delamination, samples 6 and 10 presented severe delaminations
between the 0° and 900 laminates, as shown in Fig. 4.35 and 4.37(b).

However, the

samples 8 and 9 show relatively less delaminations, which provide strong bonding
between each lamina.
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Note that Fig. 4.36(a) represents a ﬁnal rupture area, and

Fig. 4.36(b) contains a crack 1n1t1atlon part.
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Fig. 4.37. Cross-sectional vICWS O f the fracture surfaces for samples (a) 8 and (b) 10 (7
and 3°C temperature increases at the time of fracture, respectively)
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The less delaminations also caused strong frictional force, which developed greater
temperature increases at the time of failures. As explained in previous Fig. 4.19, the
tensile testing results for cross-ply composites, the samples 8 and 9 showed a little more
temperature increases than those of samples 6 and 10.

4.3.3. Summary

The failure mechanisms in both plain-weave and cross-ply NicalonTM/SiC composites
were investigated using SEM characterization. In plain-weave composites, the crack or
matrix cracking ﬁrst starts at the intersection between the 0° ﬁll and 90° warp due to the
stress concentration. The 0° ﬁll plays a signiﬁcant role to retard the ﬁnal load transfer
with further multiple matrix cracking and the debonding at the ﬁber and matrix. The
ﬁnal ruptures are achieved by holding the ﬁnal applied load through the 90° warp ﬁber
bundles followed by extensive ﬁber pullout. In cross-ply composites, the mechanisms
include the initial matrix cracking in the 0° laminate followed by the debonding of the
ﬁber and matrix, and then, the further crack propagation into the 90° laminate with the
delamination between the 0° and 90° laminates. Finally, the rupture occurs along the 90°
laminate with a signiﬁcant amount of ﬁber pullout. Figures 4.38 and 4.39 illustrate the
schematic summaries of failure mechanisms in plain-weave and cross-p1y NicalonTM/SiC
composites, respectively.
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NONDESTRUCTIVE EVALUATION (NDE) AND TENSION
BEHAVIOR OF NEXTELTM/BLACKGLASTM COMPOSITES

Tension behavior of NextelTM 312 ﬁber reinforced BlackglasTM ceramic-matri
composites (CMCs) was investigated with the aid of nondestructive evaluation (NDE
techniques.

Several NDE methods, such as ultrasonic testing (UT), infrared (IR

thermography, and acoustic emission (AE) techniques, were employed for thi
investigation.

Prior to tensile testing, UT was used to characterize the initial defec

distribution of the BlackglasTM CMC samples, i.e., developing ultrasonic C-scan:
During tensile testing, AE sensors and an IR camera were used for in-situ monitoring c
the progressive damages of CMC samples.

AE provided the amounts of damag

evolution in terms of the AE intensity and/or energy, and the IR camera was used t
obtain the temperature changes during the test. UT was conducted on fractured sample
after tensile testing to compare progressive damages with the initial defect:
Microstructural characterization using scanning electron microscopy (SEM) wa
performed to investigate the fracture mechanisms of NextelTM/BlackglasTM sample:
Moreover, SEM characterization was used to provide the substantial evidence of failur
behavior, and to show comparable results with NDE signatures.

In this paper, NDI

techniques were used to facilitate a better understanding of the fracture mechanisms c
NextelTM/BlackglasTM composites during tensile testing.
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5.1. UT Characterization Before Tension Testing

In order to investigate the initial defect information in NextelTM/BlackglasTM composites,
UT C-scans were performed to measure the ultrasonic amplitude throughout the
NextelTM/BlackglasTM tensile samples. Figure 5.1 shows the results of UT C-scans for
NextelTM/BlackglasTM composite specimens before mechanical testing. The range of the
ultrasonic transmitted amplitude is from Min (minimum) to Max (maximum). Min is the
smallest relative ultrasonic transmitted amplitude, and Max is the largest. Blue and green
colors stand for high amplitude signals, generally a good or dense region in the
composite, while the red and yellow colors correspond to low amplitudes, that is, a bad or
porous region. As shown in Fig. 5.1, similar trends of the UT amplitude distribution have
been obtained through all samples. Although some parts, containing yellow and red
colors, show relatively low amplitudes, overall good amplitudes values are shown
through the gage sections. The UT C-scan results in Fig. 5.1 are shown mainly in the
gage sections of dog-bone type ﬂat tensile specimens, because most our interests are
focused on this area.

5.2. Tensile Testing

Figure 5.2 shows the stress-strain curves obtained from monotonic tensile tests for
Nextel'“"‘/BlackglasTM composites.

Totally, 6 tensile tests were performed in this

investigation, and the results show very similar trends of the stress-strain behavior from
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0.5 mm

Min

Max

UT Transmitted Amplitude

Fig. 5.1. UT C-scans of Nextel'1‘1‘4/B1ackglasTM composites before mechanical testing.

136

Stress (MPa)

Strain (%)

Fig. 5.2. The stress-strain behaviors of NextelTM/BlackglasTM composites.

each test.

From those data, the average ultimate tensile strength (UTS) and Young's

modulus were determined to be 87 MPa and about 27.5 GPa, respectively. Figure 5.3
shows the stress-strain curves of selected samples for further investigations regarding the
NDE and mechanical performances.

Figure 5.4 shows the results of UT C-scans for NextelTM/BlackglasTM composite
specimens before and after mechanical testing.
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Fig. 5.3. The close-up of Fig. 5.2. Three samples were selected for further investigation
regarding NDE and mechanical performances.
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38-11

38-13
0.5 mm

0.5 mm

38-15

(a) Before testing

(b) After testing

Min

Max

—
UT Transmitted Amplitude

Fig. 5.4. UT C-scans for (a) before tensile testing, and (b) after testing. Note that the
lines indicate the locations of ﬁnal failure.

Note that the presence of ﬂaws and/or porosity in the traveling path of the ultrasound
gives rise to the deﬂection or energy loss of the traveling ultrasound, and relatively lower
values of ultrasonic amplitudes would be obtained.

In Fig. 5.4, a similar trend has been

obtained for all three samples as described before.

The white lines in Fig. 5.4 indicate the ﬁnal fracture positions, i.e., the ﬁnal ruptures
occurred along the white lines.

The ﬁnal failures occurred at lower UT transmitted
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along the vertical directions to the loading direction. However, in the sample 11's cas
failure occurred along about 30° to the loading direction. Also, in sample 11, two piece
of the sample separated completely, while samples 13 and 15 were not separate
completely after tensile testing stopped. In samples 13 and 15, the 90° warp bundles sti
held the testing coupons without a separation into two pieces although the ﬁnal ruptui
achieved. The SEM results will be provided for this description later. Therefore, in t1
sample 11's case, due to the water intake between the two separated pieces of the sampi
during the UT C-scan, the UT amplitude values are somewhat higher compared with tl
amplitude values before testing, which are undesirable results for this investigatim
However, for the cases of samples 13 and 15, the damage evolutions in terms of U
transmitted amplitudes aﬁer tensile testing are shown in Fig. 5.4(b).

This means that the damage and/or crack propagation areas are showing much lower U
amplitude values than those before testing with red or yellow colors. This is mainly dt
to the presence of macro- and micro-cracks, and ﬁber pullout around fracture surfaces.

5.3. IR Images and Temperature Evolution during Tensile Testing

Figure 5.5 shows temperature evolution during tensile testing. The temperature peak he
been observed at the time of failure. The speed of the infrared (IR) camera was 60 H:
The high camera speed was employed to investigate detailed fracture behavior durin
tensile testing.

Generally, in CMCs, the failure mechanisms are composed of tl
140
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(b)
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295°C

Temperature (°C)

203°C

Fig. 5.5. Temperature evolution during tensile testing for sample 38-11; (a) an IR image
before failure, (c) at the time of failure, and (b) and (d) temperature proﬁles along the
gage length for (a) and (c) pictures, respectively.
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ﬁber pullout. Also, the tensile experiment is a short time testing, usually taking pla<
with less than a minute.

Therefore, the selection of the high camera speed providt

detailed fracture information with enough temperature evolution data to be analyzed.

The 60 Hz camera speed provides the damage evolution information every 0.017 secor
during tensile testing, which makes it possible to monitor the whole tensile fractu:
procedure in terms of temperature changes.

Figure 5.5 also presents the temperatu:

evolution with the IR image and temperature proﬁles during tensile testing for sample 3:
11. The IR images were taken before failure [Fig. 5.5(a)] and at the time of failure [Fi
5.5(c)]. Figures 5.5(b) and (d) illustrate the temperature proﬁles along the gage sectic
of the tensile coupon. Especially, the temperature peak has been obtained when the crac
is present, as shown in Fig. 5.5(d). Note that the temperature proﬁles in Figs. 5.5(b) ar
(d) were obtained along the length direction of the tensile sample with the marked lir
proﬁle bar in Figs. 5.5(a) and (c). The lower ends of the line proﬁle bars indicate tl
starting points (0 inch in distance) of the horizontal axes, as shown in Figs. 5.5(b) and (d
and the upper ends of the line proﬁle bars in Figs. 5.5(a) and (c) exhibit the ends of tl
distance in the horizontal axes, as shown in Figs. 5.5(b) and (d).

The vertical axes of Figs. 5.5(b) and (d) indicate the IR unit, i.e., the arbitrary intensity 1
the temperature. After the calibration of the IR unit, 1,000 IR unit was about 1°C. Sim
the lower grip section holds the load from the main actuator of the testing machine, tl
temperature of the lower grip part is somewhat higher than that of the upper grip sectio
142

However, the overall temperature change along the length direction of the sample is not
signiﬁcant, only less than 1°C, i.e., there is not too much temperature change observed
during tensile testing. Actually, the ﬁnal crack rupture has been found at the lower part
of the specimen, and the temperature peak has been observed. Since the IR camera speed
was 60 Hz, 60 frames of pictures were taken every second. After going over the entire
frame set, it has been found that only 3 frames were showing the presence of cracks and
the temperature peaks around the rupture area.

This means that the failure occurred

within only 0.05 second. It is possible to infer that failure occurred very brittle and in an
instant. Also, the temperature change is not so high, only 04°C as shown in Figs. 5.5(b)
and (d). Now, it is understandable that the failure occurred in a very brittle mode and not
much ﬁber pullouts.

Figure 5.6 presents the IR images and temperature proﬁles for

samples 13 and 15, respectively. The very similar testing results have been obtained, and
shown in Fig. 5.6.

Figure 5.7 shows temperature changes in terms of time during tensile tests. Overall, not
too much temperature change has been shown, but some temperature peaks have been
observed at the time of failure, although the change is only less than 04°C, as presented
in Fig. 5.8. It could be inferred that the frictional forces and/or interfacial effects between
the ﬁber and matrix could affect the temperature change during the test. As described in
Figs. 5.5 and 5.6, the failures occurred in an instant manner, i.e., the brittle failure mode.
In Fig. 5.8, the temperature evolution behavior of three different samples was somewhat
different.
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Fig. 5.6. IR images and temperature proﬁles for (a) sample 38-13 and (b) sample 38-15,
respectively. Note that the temperature scale is the same as shown in Fig. 5.5.
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Fig. 5.8. Temperature peaks found at the time of the failure from tensile testing.
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indicate temperature increases before failures. However, the temperature changes of tl
samples are not too much, only less than 0.2°C from the beginning of the test to bCfOl
failure. This means that the initial temperature changes are related to the environment.
effect of the ambient-temperature testing condition, such as the temperature ﬂuctuation i
the machine noise due to the servohydraulic test frame.

It is difﬁcult to mention that the temperature effects are related to only the initi;
thermoelastic effect, which generally shows a temperature drop due to the initial elast
behavior of the testing sample. In this investigation, the load level of each sample
relatively low, i.e., the maximum load is about 3.11 kN.

Therefore, the initial min<

temperature drop due to the thermoelastic effect could be very small. Also, the sma
temperature drop because of the thermoelastic effect could be interfered with tl
environmental noise from the hydraulic machine.

Figure 5.9 presents the relation between the stress and temperature change during tensic
tests. Figure 5.9 also shows a direct comparison between the stress-strain behavior ar
temperature evolution behavior during monotonic tensile testing.

As previousl

described, the ﬁnal rupture occurred in an instant mode for all samples. The temperatui
increase at the time of failure is mainly due to frictional heating between the ﬁber ar
matrix during ﬁnal tensile loading.

The mechanisms of frictional heating incluc

debonding at the interface of the ﬁbers and matrix and ﬁnal ﬁber pullout. As expecte
from the stress-strain curves, Nextel'“"‘/BlackglasTM composites do not show a gracef
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NextelTM/BlackglasTM composites.
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Fig. 5.10. Stress responses vs. cumulative acoustic emission (AE) energy with respective
to time during tensile testing for NextelTl‘4/BlackglasTM composites; AE energies increase
as failures are imminent.

failure mode, which is typically found in most ceramic composite materials.

In this

respect, it is suggested that the failure occurred in a moment within 0.1 second with
instant matrix cracking, debonding at the interface, and ﬁnal ﬁber pullout. The relatively
strong interface of the BN coating also provided very brittle failures. Figure 5.10 shows
another evidence of instant failure in NextelTM/BlackglasTM composites. In Fig. 5.10, the
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cumulative acoustic emission (AE) energy-time relationship during tensile testing is
presented, and also, stress-strain curves are juxtaposed with AE results.

Only one

signiﬁcant peak has been found during tensile testing, which indicates instant failure of
the composite specimen.

The main purpose of the use of the AE method for this

investigation is to detect and investigate damage initiation and the associated evolution
process. Based on this point of view, the failure mode does not show sufﬁcient crack
propagation behavior. The failure mode was an instant brittle failure right after crack
initiation in NextelTM/BlackglasTM samples.

5.4. Microstructural Characterization using SEM

After mechanical testing, microstructural characterization was conducted to investigate
fracture mechanisms in NextelTM/BlackglasTM composites using scanning electron
microscopy (SEM). Figure 5.11 presents the entire cross-sectional view of the failure
area. The SEM micrograph shows that initial cracks/damages start at the 0° ﬁber bundles
and propagate with debonding at the interface between the ﬁbers and matrix. The 90°
ﬁber bundle plays a role to retard the crack propagation, and the bundle provides a
toughening mechanism of NextelTM/BlackglasTM composites.

Figures 5.12 and 5.13

exhibit the evidence of the brittle failure manner, i.e., showing limited ﬁber pullout (Fig.
5.12) and strong ﬁber/matrix interfaces and microcracks in the matrix region and limited
ﬁber pullout in ﬁber-rich areas (Fig. 5.13). In Fig. 5.13, the BlackglasTM matrix region
presents the microcracks and debris of the matrix cracks, which indicates the brittle
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Fig. 5.13. Brittle failure manner showing strong ﬁber/matrix interfaces and microcracks
in the matrix region.
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rich area, and there are no debondings at the ﬁber and matrix in Fig. 5.13, i.e., a relatively

strong interfaces were provided between the NextelTM ﬁber and matrix.

This

phenomenon was also found from previous mechanical testing and NDE results.

Figure 5.14 presents the summary of the failure mechanisms in NextelTM/BlackglasTM
composites showing the fracture surfaces. The initial crack starts from the intersection of
the 0° and 90° ﬁber bundles due to the stress concentration, and the crack propagates
along the 0° ﬁber bundle and matrix region (Fig. 5.11), and the ﬁnal rupture occurs at the
90° ﬁber bundle with ﬁber/matrix debonding and ﬁber pullout. Figure 5.14 also shows
limited ﬁber pullout.

Figure 5.15 presents a schematic illustration of the failure

mechanisms in NextelTM/BlackglasTM composites.

5.5. Summary

The tensile behavior of NextelTM/BlackgalsTM composites was investigated with the aid of
several NDE techniques, such as ultrasonic testing, acoustic emission, and infrared

thermography methods. Various types of NDE methods provided the possible ways to
predict and interpret mechanical performances of NextelTM/BlackglasTM composites. The
combination of several NDE techniques could assure a greater level of reliability for
ceramic

composites

evaluation

to

investigate

the

fracture

behavior

of

NextelTM/BlackglasTM composites. The tensile properties data of NextelTM/BlackglasTM
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90° Fiber Bundles

0° Fiber Bundles

Fig. 5.14. Fracture surface of NextelTM/BlackglasTM composites. The SEM micrograph
was taken from sample 38—15.
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composites were obtained. The failure mode (mechanisms) of NextelTM/BlackglasTM was

provided through the microstructural characterizaion with SEM micrographs.

The

fractures of NextelTM/BlackglasTM composites were shown in brittle failure manners for
all tested samples.

The relatively strong interfaces between the NextelTM ﬁbers and

BlackglasTM matrices provides brittle fracture modes, not showing a ‘graceful period’
with extensive ﬁber pullout.
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CHAPTER 6
MONITORING DAMAGE INITIATION AND PROPAGATION IN
NICALONTM/CAS COMPOSITES USING NDE TECHNIQUES

Mechanical properties of NicalonTM ﬁber reinforced CAS glass-ceramic matri>
composites (CMCs) was investigated with the aid of nondestructive evaluation (NDE:
techniques.

Several NDE methods, such as ultrasonic testing (UT), infrared (IR:

thermography, and acoustic emission (AE) techniques, were employed for this
investigation. Prior to mechanical testings including monotonic tensile and cyclic fatigue
tests, UT was used to characterize the initial defect distribution of NicalonTM/CAS CMC

samples, i.e., developing ultrasonic C-scans. During mechanical testing, AE sensors anc
an IR camera were used for in-situ monitoring of the progressive damages of CMC
samples. AE provided the amounts of damage evolution in terms of the AE intensit)
and/or energy, and the IR camera was used to obtain the temperature changes during the
test. UT was conducted on fractured samples after tensile testing to compare progressive
damages with the initial defects. Microstructural characterization using scanning electror
microscopy (SEM) was performed to investigate fracture mechanisms of NcalonTM/CAE
samples. In this paper, NDE techniques were used to facilitate a better understanding oi
fracture mechanisms of NcalonTM/CAS during mechanical testing.

1(/

6.1. Nondestructive Evaluation (NDE) Before Mechanical Testing

Figure 6.1 illustrates ultrasonic transmitted amplitude measurements on NicalonTM/CAS
composites. Two types of materials were prepared for UT amplitude measurements: a
[0/90]4s cross-ply composite panel and [0]12 unidirectional composite panel.

For the

[0/90]4s panel, the NicalonTM/CAS composite was prepregged into unidirectional plies
with a 40% ﬁber volume, and hot-pressed into [0/90]4s laminates (152.4 mm x 152.4 mm
x 3 mm).

For the [Na unidirectional composite, the NicalonTM/CAS composite was

supplied in a 12-ply, unidirectionally reinforced ([0]12) panel of 152.4 mm x 152.4 mm x
3 mm. This material was produced by the hot-pressing method at about 1,350°C, using
prepregged unidirectional plies and fabricated with 500-count ﬁber tows.

The results showed a variation of ultrasonic amplitudes in both panels of cross-ply and
unidirectional composites. In the case of a [0/90]4s cross-ply panel, as shown in Fig. 6.1
(a), there are some variations of ultrasonic amplitudes, particularly along a horizontal line
and a vertical line through the center of the panel. However, in the case of the [0]12
unidirectional panel, ultrasonic transmitted amplitudes revealed two cracks in addition to
the long crack across the whole width (horizontal line).

As a whole, it seems to be

generally lower UT amplitude values in the lower section of the panel in comparison with
the center section of the panel, as presented in Fig. 6.1 (b).

In other words, a region

containing less defects was found at the center region, but more defect/ﬂaw contained
areas are shown at both upper and lower sections of the panel.
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W‘— Cut Here
(a) [0/90]4S cross-p1y composite

20mm

<— Crack

.

-

..
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1' <— Cut Here

(b) [0]12 unidirectional composite
Fig. 6.1. Ultrasonic C-scans of NicalonTM/CAS composites.
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Before machining, scanning electron microscopy (SEM) investigations were performed
to relate to the different UT amplitude distributions on the edge parts of NicalonTM/CAS
panels. Figures 6.2 and 6.3 present the SEM results of Sections A and B, respectively, in
Fig. 6.1(a).

Since Section B had relatively smaller ultrasonic amplitude values than

Section A, the processing-induced porosities were found at Section B rather than at
Section A, as shown in Figs. 6.2 and 6.3.

However, in Fig. 6.2, a relatively good

condition (with less defects) was observed at Section A, as compared to Section B (Fig.

6.3).

In the case of the [0]” unidirectional composite panel, two different sections, such as C
and D (Fig. 6.1), were chosen for the SEM investigation, based on the ultrasonic C-scan
results, that is, the sections of the unidirectional composite were chosen as ‘bad’ and
‘good’ C-scan amplitude presentations for C and D, respectively, as presented in Fig. 6.1
(b). Figures 6.4 and 6.5 exhibit SEM observations at different UT amplitude values at
Sections C and D, respectively. In Fig. 6.4, severe porosities were observed between
ﬁbers and matrices, whereas a relatively good microstructural feature was found at
Section D (Fig. 6.5). Thus, the lower UT amplitudes at Sections B and C than at Sections
A and D correspond to the presence of porosities at Sections B and C of the
NicalonTM/CAS composites, which scatter and deﬂect the UT waves, resulting in less
amplitudes at Sections B and C.
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A cross-sectional view of the microstructure of a [0/90]4s cross-p1y

NicalonTM/CAS composite [Section A in Fig. 6.1 (a)].
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A cross-sectional view of the microstructure of a [0/9O]4s cross-ply

NicalonTM/CAS composite [Section B in Fig. 6.1 (a)].
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A cross-sectional view of the microstructure of a [0]12 unidirectional

NicalonTM/CAS composite [Section D in Fig. 6.1 (b)].
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6.2. Tensile Behavior of NicalonTM/CAS Composites

Tensile tests were performed on two types of NicalonTM/CAS composites; [0/9O]4s crossply composites and [O]12 unidirectional composites.

Figures 6.6 and 6.7 present the

tensile testing results of the stress-strain behavior for both cross-ply and unidirectional
NicalonTM/CAS composites, respectively.

In Figs. 6.6 and 6.7, several mechanical

properties of NicalonTM/CAS composites were determined, including proportional limits,
elongations, and ultimate tensile strength (UTS) values. In proportional limits and UTS
values, unidirectional composites showed much higher values than those of cross-ply
composites. The average value of UTS was about 180 MPa and 250 MPa for cross-ply
and unidirectional composites, respectively.

Unidirectional composites showed a

proportional limit of 100 MPa, while the proportional limit of the cross-ply composites
was 60 MPa. Those characteristics are mainly due to different lay-ups of the laminate,
i.e., the longitudinal ply presents a much higher strength value than the transverse
laminate.

In the cross-ply composites, although sample 24-13 shows somewhat different behavior
in the stress-strain relation as compared with other samples, as a whole, a similar trend

has been observed as presented in Fig. 6.6. The distrubutions of the fracture strain values
are also quite similar for both composites, about 3.5 to 4.5% as shown in Figs. 6.6 and
6.7. In Fig. 6.7, for the cases of the unidirectional composites, similar trends among the
composites tested have been obtained. Most of the unidirectional composites show an
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eminent ‘graceful failure’ mode following the proportional limit and UTS regions, whic
indicates the ﬁnal ﬁber failure with extensive ﬁber pullout. However, for the cross-p]
composites, the actual ‘graceful failure’ modes were not shown clearly, which a1
directly related to the lack of ﬁber pullout. This phenomenon will be explained at tl
microstructural characterization section.

The cross-ply composites samples, 24-14 and 16, were selected for further investigatic
on the relationship between the NDE signatures and mechanical performance durin
tensile testing. In unidirectional composites, the samples, 25-6, 8, and 9, were selecte

for the investigation.

6.3. Temperature Evolution during Tensile Testing

In order to monitor the damage evolution in terms of temperature change during tensii
tests, an IR camera was employed to record temperature change. Generally, temperatw
increases were observed during the mechanical testing due to the frictional heatin
between the ﬁber and matrix, and the energy absorption mechanisms, includir
interfacial debonding, delaminations, and ﬁber pullout.

6.3.1. Cross-ply NicalonTM/CAS composites

Figure 6.8 presents the temperature changes with respect to time during tensile tests ft
cross-ply NicalonTM/CAS composites. As a rule, no signiﬁcant temperature changes ha\
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Fig. 6.8.

Temperature changes with respect to time during tensile tests for cross-p1y

NicalonTM/CAS composites.
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been observed during tensile testing, but temperature peaks have been obtained at the
time of failure, as shown in Fig. 6.8. After normalization of the temperature with respect
to the initial temperatures of both samples, quite large amounts of temperature increases
at failure were obtained for both cross-ply composites, as presented in Fig. 6.9. Although
there are some temperature variations during tensile testing for both samples, it is
difﬁcult to interpret the exact reason for this phenomenon.

Similar to the case of

NextelTM/BlackglsTM samples as described in Chapter 5, because the maximum load
values were quite small during tensile testing, no eminent thermoelastic effects have been
observed for cross-ply sample 24-16 as shown in Fig. 6.9. However, there is a slight
temperature drop from the beginning of the test in sample 24-14, and this is mainly due to
the thermoelastic effect. In terms of temperature increase at the time of fracture, it could
be inferred that the frictional forces and/or interfacial interactions between the ﬁber and
matrix could affect the temperature change during the test.

Figure 6.10 presents the relationship between the stress and temperature change during
tension tests for cross-ply NicalonTM/CAS composites. Figure 6.10 also shows a direct
comparison between the stress-strain behavior and temperature evolution behavior during
monotonic tensile testing.

Note that the speed of the IR camera was 7 Hz for both

samples. The individual data points in Figs. 6.8 to 6.10 indicates one frame of IR image,
i.e., every frame was obtained every 1/7 second (about 0.143 second). As compared with
the failure of BlackglasTM composites, as described in Chapter 5, the ﬁnal rupture was not
so brittle for cross-ply NicalonTM/CAS composites. The number of frames at the time
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of failure in Fig. 6.10 shows more than 6 frames for the sample 24-16, and more than 11
frames for the sample 24-14. Note that the ﬁnal rupture time for NextelTM/Blackgls“
samples was less than 0.05 second.

This means that the failures of the cross-pl:

NicalonTM/CAS composites were achieved by more ﬁber pullout at the time of failure
which indicates the toughening mechanisms in the composites. In Fig. 6.10, both cross
ply samples exhibit the temperature peaks, especially, at the time of failure. From theSI

results, it is understandable that the main temperature changes for the cross-pl;

NicalonTM/CAS composites during tensile testing seem to result from the ﬁnal ﬁber
pullout.

The ﬁber pullout at the ﬁnal moment of failure generates severe frictional

heating between the ﬁber and matrix, and the temperature increases seem to be developed
from the ﬁnal fractures of ﬁbers.

6.3 .2. Unidirectional NicalonTM/CAS composites

Figure 6.11 presents the temperature changes with respect to time during tensile tests for
unidirectional NicalonTM/CAS composites.

Like cross-ply NicalonTM/CAS composites,

very similar trends have been presented, i.e., no severe temperature changes from the
beginning of the test have been observed, but the temperature peaks, especially at the
time of failure, have been obtained for all samples.

Figure 6.12 shows the temperature increases at the time of failure during tensile testing
for unidirectional NicalonTM/CAS composites after the normalization of temperatures
with respect to the initial temperatures of both samples from Fig. 6.11. The temperature
variations before failures were not so signiﬁcant for all unidirectional samples. However,
temperature peaks were obtained at the time of fracture. Very similar phenomena to the
cross-ply composites were obtained, as described in the previous section.

Figure 6.13 presents the stress response versus temperature evolution during tensile
testing for unidirectional NicalonTM/CAS composites.
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In Fig. 6.13, the similar results
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Stress vs. temperature evolution during tensile testing for unidirectional

NicalonTM/CAS composites.

also have been obtained as compared with cross-p1y composites. However, the stressstrain behavior for unidirectional composites shows a clear ‘graceful failure mode’ for all
samples in Fig. 6.13. Regardless of the presence of a graceful period, the temperature
peaks have been found only at the time of failure, as shown in Fig. 6.13. From these
results, it is suggested that the ﬁber pullout and consecutive failure of ﬁbers during the
graceful period do not generate signiﬁcant temperature increases.
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6.4. Microstructural Characterization of Tensile Tested NicalonTM/CAS Composites

6.4.1. Cross-ply NicalonTM/CAS Composites

The microstructural characterization was conducted on tensile tested NicalonTM/CAS
composites using SEM. Figure 6.14 shows the entire cross-section of the failure surface
of the cross-ply NicalonTM/CAS composite.

The 90° laminate ﬁber bundles still hold

together, but 0° laminates are all broken with entire separation.

Actually, the 90°

laminate ﬁber bundles are completely broken, however, 90° laminate ﬁbers still look like
holding together due to the extensive ﬁber pullout of ﬁber bundles, the load level is
already zero, as shown in Fig. 6.6. Figure 6.14 also presents the failure mode in cross-ply
composites. The ﬁber pullout of the 90° laminate provides the ﬁnal step of fracture in
this composite.

Figure 6.15 shows interfacial debonding between the ﬁber and matrix in the 0° laminate,
and also shows crack initiation and propagation in the 0° laminate. Since the strength of
the transverse lamina (consisted of 0° laminate) is lower than that of longitudinal lamina
(90° laminate), the crack initiates at the largest ﬂaw or defect in the 0° laminate, and the
crack propagates to the 90° laminate with interfacial debonding between the ﬁber and
matrix. Figure 6.16 presents a more detailed failure mode of cross-ply NicalonTM/CAS
composites. First, there are debonding and failure within the 0° laminate.
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Fig 6.14. The entire cross-section of the failure surface. The 90° ﬁbers still hold together, but 0° ﬁbers are all broken.
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Fig 6.15. Crack initiation and crack propagation in the 0° laminate.
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(a)
0° Laminates

.
90° Laminates

Loading
Direction

(b)
Fig. 6.16. Failure mode of cross-ply NicalonTM/CAS composites: (a) lower magniﬁcation
and (b) higher magniﬁcation; debonding and failure of the 0° laminate, crack propagation
to the 90° laminate, and ﬁnal ﬁber pullout in the 90° laminate.
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crack propagates into the 90° laminate, and the ﬁnal failure occurred in the 90° laminate
with extensive ﬁber pullout. In this situation, the 90° laminate ﬁber bundle plays a role
to delay the load for catastrophic failure, as shown in Fig. 6.16(b). The ﬁnal rupture was
achieved by the ﬁber pullout of the 90° laminate bundle as presented in Fig. 6.16(a).
Figure 6.17 exhibits the ﬁber pullout of the ﬁnal 90° laminate and the failure with the
rupture of the 0° laminate ﬁbers.

Figures 617(3) and (b) also show extensive ﬁber

pullout and separation from the matrix in the 0° laminate. Figure 6.18 presents multiple
matrix cracking around the 90° laminate due to the severe ﬁber pullout at the ﬁnal
composite failure.

Figure

NicalonTM/CAS composites.

6.19

summarizes the fracture

modes

in

cross-ply

The crack initiation seems to start at 0° laminate.

As

described before, the transverse ﬁber arrangement shows a weak load bearing capacity
than the longitudinal ﬁber bundles.
Therefore, the crack seems to be initiated at the largest ﬂaw with the 0° laminate at the
load level above the proportional limit.

The initiated cracks experience the crack

propagation with debonding between the ﬁber and matrix at the 0° laminate. At this
point, further crack propagation occurs in the 0° laminate, and there are delaminations
between the 0° and 90° laminate.

The ﬁnal rupture can be accomplished in the 90°

laminate with ﬁber debonding followed by the extensive ﬁber pullout.

6.4.2. Unidirectional NicalonTM/CAS Composites

The [0]12 unidirectional NicalonTM/CAS composites showed somewhat different failure

modes as compared with cross-ply composites.
1"I[

Loading

(a)

90° Laminates

Direction

(b)
Fig. 6.17. The ﬁnal failure of the 90° laminate ﬁber bundles with extensive ﬁber pullout:
(a) lower magniﬁcation and (b) relatively higher magniﬁcation.
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Fig. 6.18. Final failure of 90° laminate ﬁbers with multiple matrix cracking.
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Fig. 6.19. Failure mechanisms in [0/90]4s cross-ply NicalonTM/CAS composites.
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The tensile behavior also showed different trends in the values of the proportional limi
and UTS. The unidirectional composites presented much higher tensile strength value I
250 MPa than the value of 180 MPa for cross-ply composites. This is mainly due to tl
different lay-up of laminates. Generally, the unidirectional composites have somewh.
higher tensile strength than the cross-ply composites.

Figure 6.20 presents the entire cross-sectional view of the fracture surface for the entiI
gage length. The failure mode in unidirectional composites showed extensive amounts 1
delamination along the loading direction, as shown in Fig. 6.20. In the cross-section;
View (Fig. 6.20), the initial matrix cracking and delamination throughout the gage sectic
were observed. The ﬁnal failure includes massive multiple matrix cracking due to tl
ﬁnal ﬁber pullout.

Figure 6.21 presents a planar view of the fracture surface. The SEM micrograph w:
taken at the front surface ply, indicating matrix cracking of the sample, shown in Fi;
6.20.

The matrix cracks are presented in Fig. 6.21 due to the ﬁber pullout along tl

loading direction.

Figure 6.22 shows the ﬁber failure and/or pullout and delamination after initial matri
cracking. The delamination, probably between each ply, becomes a dominant mechaniSI
to transfer the applied load of composites after initial matrix cracking and crac
propagation.
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in unidirectional NicalonTM/CAS composites.

Fig. 6.20. The entire cross-sectional view of the fracture surface along the entire gage length

Delamination

Matrix crack initiation

Fig. 6.21. A planar view of a fractured ply with matrix cracking and the removal of
matrix regions with ﬁber pullout along the loading direction.
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I irection

Fig. 6.22. Fiber broken/pullout and delamination after initial matrix cracking.

The load transfer was accomplished through the delamination, as presented in Fig. 6.23.
Figure 6.24 shows a more close-up view of a complete delamination between
unidirectional plies. The matrix cracks and the broken ﬁbers are also seen in Fig. 6.24.
Figure 6.25 presents the deﬂection of cracks along the delamination direction with the
growth or propagation of matrix cracking followed by ﬁber broken and/or pullout within
a ply. The deﬂection of the crack along the delamination direction could be attributed to
the presence of ﬂaws or defects although the superﬁcial view from Fig. 6.25 does not
provide the eminent defect.

The ﬁnal failure was accomplished by further crack

propagation with extensive matrix cracking and additional deﬂection of the cracks along
the delamination, followed by ﬁnal ﬁber pullout as presented in Fig. 6.26. In Fig. 6.27,
183
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Fig. 6.24. A complete delamination between the 0° plies.
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I irection

Delamination
Fig. 6.25.

The deﬂection of crack along with delamination direction with the growth

(propagation) of matrix cracking followed by ﬁber broken/ pullout within a ply.
Delamination

oading
I irection

Final Failure Area

Fig. 6.26. Further crack propagation with extensive matrix cracking and ﬁnal rupture.
185

my;
.

at

.

. ..,,

.

'

Q

.

"

.

i_

I'm».

.

ﬂ,

p.

,

.

o

.

————>
Delamination
\

..... ,

., . . FinalT'ﬁjiliif'....
upture
‘
“511

“ML":

i 3' ”4.. .(. «.4.

.

5‘ ‘

M

Fig. 6.27. Further delamination along the loading direction.

further delamination along the loading direction has been observed, which indicates the
ﬁnal tensile load transfer.

Figure 6.28 presents another set of cross-sectional views of a fracture surface for
unidirectional NicalonTM/CAS composites. The very similar failure mode of Fig. 6.20
has been observed in Fig. 6.28, including initial matrix cracking, delamination, crack
deﬂection along the delamination direction, and ﬁnal rupture. The summary of failure
modes in unidirectional composites is provided in Fig. 6.29. The initial surface or the
sub-surface matrix cracking with debonding at the ﬁber and matrix interface can be the
ﬁrst step of failure mechanisms. The tensile load can transfer along the weak interface
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Fig. 6.28. Another set of a complete failure surface with the entire cross-sectional view of a unidirectional NicalonTM/CAS sample.

‘

Matrix Crack Initiation

188

Fig. 6.29. Failure mechanisms in [0]” unidirectional NicalonTM/CAS composites.

5. Fiber pullout

4. Further interfacial debonding

3. Load transfer along the weak interface (delamination)

2. Debonding ﬁber/matrix

1. Matrix cracking

between plies (delamination). Then, further interfacial debonding at each ply or laminate
could occur. The ﬁnal failure is performed by ﬁber pullout with massive surface matrix
cracking.

6.4.3. Remarks on Tensile Fracture Behavior and NDE Signatures

Tensile fracture behavior of both cross-ply and unidirectional NicalonTM/CAS composites
was investigated using a NDE method and SEM characterization.

Although both

NicalonTM/CAS composites exhibited the temperature peaks at the time of failure, the
ﬁnal fracture behavior was different; unidirectional composites showed graceful failure
mode behind UTS, while the ﬁnal failures of cross-ply composites occurred at UTS. Due
to the characteristics of laminates stacking structure, unidirectional composites showed
much higher tensile strength values than cross-ply composite.

However, cross-ply

composites presented somewhat higher values of the temperature increases at the time of
fracture than unidirectional composites.

At this point, it is understandable that the

temperature increase at the time of failure could be related to microstructural
characteristics, i.e., fracture mechanisms or failure modes.

Substantially, the SEM

characterization results showed the difference in failure modes between both composites.
In Fig. 6.14, fracture behavior of cross-ply composites was provided, and the ﬁnal
rupture was achieved by ﬁber pullout and ﬁnal ﬁber breakage in all 90° laminates after
complete collapse of the 0° laminates. However, in the case of unidirectional composites,
the ﬁnal failure occurred by ﬁber pullout and further delamination from a part of
unidirectional laminates, as shown in Fig. 6.28.
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In other words, the ﬁnal failure of

unidirectional composites was achieved by a kind of dispersive failure after graceful
failure period, while cross-ply composites provided relatively instant failure at the hi ghes
tensile strength.

Through this interpretation, cross-ply composites showed somewhaI

higher values of frictional heating at the time of failure than those of unidirectiona.
composites.

6.4.4. Summary

Tensile properties of NicalonTM/CAS composites were investigated with the aid 01
nondestructive evaluation (NDE) techniques.

In cross-p1y NicalonTM/CAS composites

the ﬁnal failure occurs at the ultimate tensile strength, and signiﬁcant temperature
increases have been observed at the time of failure.

The stress-strain behavior f0]

unidirectional NicalonTM/CAS composites showed a clear ‘graceful failure mode’ for al
samples. Regardless of the presence of the graceful period, the temperature peaks have
been found only at the time of failure. From these results, it is suggested that the ﬁbC]
pullout and consecutive failure of ﬁbers both at UTS and during the graceful period dc
not generate signiﬁcant temperature increases.

In cross-ply NicalonTM/CAS composites, the crack seems to initiate at the largest ﬂaVI
with the 0° laminate at the load level above the proportional limit. The initiated crack:
experience the crack propagation with debonding between the ﬁber and matrix interface

at the 0° laminate. At this point, further crack propagation occurs in the 0° laminate, anc
there are delaminations between the 0° and 90° laminates.
1““

The ﬁnal rupture can be

accomplished in the 90° laminate with ﬁber debonding, followed by the extensive ﬁber
pullout.

In unidirectional NicalonTM/CAS composites, the initial surface or sub-surface matrix

cracking with debonding at the ﬁber and matrix interface can be the ﬁrst step of failure
mechanisms.

The tensile load can transfer along the weak interface between plies

(delamination). Then, further interfacial debonding at each ply or laminate could occur.
The ﬁnal failure is performed by ﬁber pullout with massive surface matrix cracking.

6.5. High-cycle Fatigue Behavior of NicalonTM/CAS Composites

High-cycle fatigue was conducted on both cross-ply and unidirectional NicalonTM/CAS
composites to generate S-N curve [stress amplitude versus log (number of cycles to
failure)]. Tension-tension fatigue tests were performed at room temperature with R-ratio
(omIn/omax) of 0.1 at the frequency of 20 Hz. An IR camera was employed to monitor

damage evolution in terms of temperature changes during fatigue tests.

6.5.1. S-N Curves for both Cross-ply and Unidirectional NicalonTM/CAS Composites

Figure 6.30 presents the S-N curves for both cross-ply and unidirectional NicalonTM/CAS
composites. After tensile testing, as described in section 6.2, the applied load levels were
determined to run the high-cycle fatigue testing for NicalonTM/CAS composites.

The

ultimate tensile strengths (UTSS) were about 180 MPa and 250 MPa for cross-ply and
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Fig. 6.30. High-cycle fatigue behavior of NicalonTM/CAS composites.

unidirectional composites, respectively. The approximate fatigue stress ranges were 60%
to 95% of UTS value for both composites. The results of S-N curves for both composites
show almost linear in the plots of stress versus number of cycles in Fig. 6.30. Generally,
in Fig. 6.30, as the maximum stress decreases, the number of cycles to failure increases

for both cross-ply and unidirectional NicalonTM/CAS composites. At a given stress, the
unidirectional composite gives a greater fatigue life and fatigue endurance limit than the
cross-ply composite, which correlates with the greater strength of the unidirectional
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composite. In fatigue life design criterion, the unidirectional NicalonTM/CAS composite
provides higher strength and more fatigue life than cross-ply NicalonTM/CAS composite
as shown in Fig. 6.30.

After linear regression analyses, the coefﬁcients of variance have been obtained, R2 =
0.9082, and 0.9798 for unidirectional and cross-ply NicalonTM/CAS composites,
respectively.

Since the linear S-N curves data showed low scatter in maximum stress

versus number of cycles to failure, and those data could be useful for life predictions at
room temperature. The endurance limits were determined for both composite systems
from the S-N curves. Approximately, the 60% of UTS values for each composite was the
endurance limit, approximately, 150 MPa for unidirectional composite and 100 MPa for
cross-ply NicalonTM/CAS composite, respectively, as shown in Fig. 6.30.

The mathematical representation of the S-N curve for cross-ply composites is given by

a

= —5. 744710g Nf + 185.6

(6.1)

am, = —15.741 log Nf + 379.5]

(6.2)

max

For unidirectional composites,
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where omax is the maximum stress of fatigue loading in MPa, and Nf is the number of
cycles to failure.

6.5.2.

Temperature Evolution for both Cross-ply and Unidirectional NicalonTM/CAS

Composites during Fatigue Loading

An IR camera was used to monitor the temperature increases during fatigue testing.
Signiﬁcant temperature increases were observed for both cross-ply and unidirectional
NicalonTM/CAS composites, as presented in Figs. 6.31 and 6.32, respectively. The speed
of IR camera was 1 Hz for all samples in this fatigue investigation. In Figs. 6.31 and
6.32, both composites show similar trends in temperature evolution during fatigue
testing; there are 3 stages in temperature evolution during fatigue testing for both
composites, including (1) initial constant temperature region, (2) increasing temperature
region, and (3) ﬁnal temperature rising at the failure.

The cross-ply composites samples 24-20 and 22 were selected to measure the temperature
changes during fatigue testing, and the sample 25-16 was chosen from the unidirectional
composites as shown in the S-N curves of Fig. 6.30.

In Figs. 6.31 and 6.32, for both composite samples, signiﬁcant temperature increases
were shown. The initial constant temperature regions were observed in both composites,
and these regions seem to be due to the conditional nonequilibrium at the beginning of
the fatigue test resulting from the combination of thermoelastic effect and initial unstable
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ﬂuctuation of applied load level. Also, the initial constant temperature stages are due I
the elastic behavior of fatigue sample with no initiation of cracks and/or damage. The:
the fatigue samples experience signiﬁcant temperature increase through the entire fatigi
testing before the failure stage. It is understandable that the cumulative fatigue loading
generate continuous ﬁber breakage, matrix cracking, delamination, and matrix crae
propagation, and those mechanisms give rise to frictional heating. Finally, the fatigt
specimen undergoes the ﬁnal temperature rising at the failure due to extensive ﬁbI
pullout and ﬁber breakage.

Similar to the cases of tensile fracture behavior, as described in the previous sectio:
signiﬁcant temperature increases at the time of failure have been observed for both cros
ply and unidirectional NicalonTM/CAS composites. In this investigation, the cumulatiI
frictional heating seems to be from the following mechanisms in NicalonTM/CA
composites, i.e., delamination, debonding at the ﬁber and matrix, the propagation I
matrix craks, and successive individual ﬁber failure. It is suggested that the beginning I
the second stage, increasing temperature region, could be the crack initiation sign
because the temperature change starts from that point after initial constant temperatu:
region. First matrix cracking could occur at that time, and further matrix cracking ar
ﬁber failure give rise to the temperature increase during fatigue testing, as shown in Fig
6.31 and 6.32.

Liaw et al. have made an extensive study of temperature evolution during high-cyc
fatigue testing of some metallic materials, such as reactor pressure vessel steels and
196

cobalt-based superalloy [36-39]. Although most of their work was mainly focused on
metallic specimens, they have found several stages of temperature evolution during
fatigue testing, including (1) initial temperature increase, (2) temperature decrease, (3)
equilibrium state, (4) abrupt increase, and (5) ﬁnal drop [39]. Since the difference in the
resolution between an IR camera (1 Hz) and fatigue frequency (20 Hz), it was difﬁcult to
observe the initial temperature increase and temperature decrease stages in this
investigation. However, other stages, (1) an initial constant temperature region, (2) an
increasing temperature region, and (3) a ﬁnal temperature rising at the failure, were quite
comparable with Liaw et al.’s investigations on metallic materials.

Liaw et al. also developed temperature evolution models during fatigue testing to predict
fatigue life. It is suggested that it is worthwhile to develop theoretical models to predict
the fatigue life of CFCCs and for a better mechanistic understanding of fatigue behavior
of CFCCs, since little research on temperature evolution during fatigue loading has been
performed in the CFCCs ﬁeld.
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6.6. Microstructual Characterization of Fatigue Tested NicalonTM/CAS Composites

After fatigue testing, microstructural characterization was performed to investigate the
failure modes and to study the relationship between the microstructural and NDE
signatures, such as temperature evolution.

6.6.1. [0/90]4g Cross-ply NicalonTM/CAS Composites

Figure 6.33 presents the cross-sectional view of fatigue fracture surface for cross-ply
NicalonTM/CAS composites. The complete collapse of 0° laminate and extensive ﬁber
pullout of the 90° laminate are shown in Fig. 6.33. It is understandable that the ﬁnal
fatigue failure was achieved by the 90° laminate ﬁber pullout followed by the ﬁnal
rupture of the 90° laminate ﬁbers.

Figure 6.34 shows the fracture surface of the fatigue-tested cross-ply NicalonTM/CAS
composite sample. Figure 6.34 was taken from the top viewpoint of the fracture surface.
Figure 6.34 provides more detailed information of the fatigue failure mode, i.e., the crack
initiation started at the center of the specimen, then cracks propagated into the edge of the
sample, and ﬁnal failure was accomplished by the extensive ﬁber pullout of the edge part
of the laminates. Figure 6.35 exhibits a somewhat higher magniﬁcation of the fracture
surface of the fatigued sample. In Fig. 6.35, the 90° laminate does not have ﬁber pullout,

198

Fig. 6.33.

Cross-sectional view of the fatigue fracture surface for cross-ply

NicalonTM/CAS composites.
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Fig. 6.34. Fracture surface of the fati ed cross-ply NicalonTM/CAS composite sample.
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Fig. 6.35. Fracture surface of fatigued sample with higher magniﬁcation from Fig. 6.34.
The crack initiated inside (center) the sample, propagated to outside the sample, and ﬁnal
failure occurred with extensive ﬁber pullout.
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and provides very brittle failure mode (no debondings at the ﬁber and matrix interface
have been found.)

Figure 6.36 presents a set of SEM photographs for the failure mechanisms in cross-ply
NicalonTM/CAS composites during fatigue testing. Figure 6.36 also provides a summary
of failure mechanisms in cross-ply composites during fatigue testing. The matrix cracks
and crack propagation are observed in the 0° laminate of NicalonTM/CAS composites, as
shown in Fig. 6.36(a). The cracks propagated to a 90° ply as presented in Fig. 6.36(b).
In Fig. 6.36(c), further matrix cracks and delaminations were generated, and more
interfacial debondings between the ﬁber and matrix were developed as the fatigue cycles
increase in the 90° laminate.

The debondings at the ﬁber and matrix interface are

becoming more extensive, and microcracks are prevailing with the 90° laminate in Fig.
6.36(d).

Figure 6.36(e) presents the ﬁnal fracture and ﬁber pullout to terminate the

fracture of cross-ply NicalonTM/CAS composites during fatigue testing.

Figure 6.37 shows the entire fatigue fracture surface of the cross-p1y NicalonTM/CAS
composite. The SEM picture illustrates the fracture surface through the whole thickness
(approximately 3 mm) direction of the sample. As a whole, the failure starts at the 0°
laminate because of the lower strength of the transverse direction laminate as compared
with the longitudinal laminate (the 90° laminate), and crack propagation and
delamination through the 90° laminate followed by the ﬁnal failure at the 90° laminate
with extensive ﬁber pullout.
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(C)
Fig. 6.36. Continued on next page.
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((1)

Loading
Direction

Fig. 6.36. Failure Mechanisms of cross-ply NicalonTM/CAS composites during Fatigue;
(a) crack propagation in the 0° ﬁber bundle at the fracture surface followed by, (b) the
crack propagation into the 90° ﬁber bundle, (c) more matrix cracking in the 90° laminate,
(d) debonding at the 90° ﬁber bundle, and (e) ﬁnal ﬁber pullout in the 90° ﬁber bundle.
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Fig. 6.37. Fatigue fracture surface of a NicalonTM/CAS composite.

‘IIH‘III’MIwr 57pm". “"11. _=

Loading Direction

:i. :l

In Fig. 6.37, it is understandable that the brittle failure mode has been observed at the
center region of the fatigue tested sample (around the 7th ply in Fig. 6.37), resulting from
the limited ﬁber pullout and no debonding at the ﬁber and matrix interface.

Substantially, the initial matrix crack could be generated at around the 7th and 8th plies.
The other adjacent plies, such as the 5 and 6th plies and 9 and 10th plies, indicate more
signiﬁcant amounts of ﬁber pullout. Especially, the plies, the 13th to 15th, show extensive

ﬁber pullout (the 13‘“ and 15‘“ plies), and ﬁber debonding (the 14‘“ ply). In this respect, it
is suggested that the ﬁnal overload occurred through 13th to 15th plies as the fatigue
cycles increase.

Figure 6.38 presents more detailed SEM micrographs of the failure surfaces as described
in Fig. 6.37. The detailed views of the 7th, 9th, 11th, 13th, and 15th plies were provided

with a higher magniﬁcation in Fig. 6.38. The strong NicalonTM ﬁber morphology was
observed in Fig. 6.38(a), and it indicates a prompt and instant failure in the ﬁber and
matrix, as shown in Fig. 6.38(a).

Figures 6.38 (b), 6.38 (c), and 6.38 ((1) show much

more ﬁber pullout. The signiﬁcant amounts of ﬁber pullout have been observed in Fig.
6.38 (e), which indicates the ﬁnal rupture area.

Figure 6.39 shows the other end (lSt ply in Fig. 6.37) of the sample, which presents
extensive ﬁber pullout. It is understandable that the ﬁnal failure was achieved by severe

ﬁber pullout from the both ends (lSt and 15th plies), as presented in Fig. 6.39. The wake
of tension-tension fatigue loading is shown in Fig. 6.39 with the debris and fragment of
the CAS matrix.
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Fig. 6.38. Continued on next page.
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Fig. 6.38.

The detailed SEM micrographs of the fracture surfaces in cross-ply

NicalonTM/CAS composite from Fig. 6.37; (a) 7‘h ply, (b) 9th ply, (c) 1 1th ply, (d) l3th ply,
and (e) 15th ply.
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Fig. 6.39. A SEM micrograph showing extensive ﬁber pullout from lSt ply in Fig. 6.37.
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Figure 6.40 shows a skew view of the fracture surface of the cross-ply NicalonTM/CAS
sample, and provides another example of a crack initiation site. A very similar fracture
morphology has been presented in Fig. 6.40 as compared with Fig. 6.37.

The ﬁnal

rupture was achieved by the ﬁber pullout in the 90° laminates.

The matrix crack initiated at the center of the sample, and Fig. 6.41 provides the evidence
of this phenomenon. As described in Fig. 6.37, the strong interface and instant failure
mode of the ﬁber and matrix provide the earlier failure evidence, i.e., the initial matrix
cracking site as presented in Fig. 6.41.

Figures 6.42 and 6.43 show extensive ﬁber pullout in the 90° laminates. Figure 6.42 was
taken at a skew view of the fracture surface, while in Fig. 6.43, the SEM image was taken
at the top view. Especially, the vestiges of ﬁber pullout in the 90° laminate are observed
in Fig. 6.43, which indicates the ﬁnal rupture of the composite.

Figure 6.44 presents extensive 90° laminate ﬁber pullout on the failure surface in the
cross-ply NicalonTM/CAS composite. The debonding and delamination at the ﬁber and
matrix interface were also found in the 0° laminates, as shown in Fig. 6.44.

Figure 6.45 presents the entire cross-sectional view of fatigue fracture surface in a crossply NicalonTM/CAS composite. The ﬁnal failure of the composite was achieved by severe
90° laminates ﬁbers pullout, and the development of microcracks around fracture surface
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Fig. 6.41. Limited or almost no ﬁber pullout from the center of the sample (7th ply).
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Fig. 6.43.

Extensive ﬁber pullout around the edge or surface regions of the fatigue

sample.
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Fig. 6.44.

Extensive 90° laminate ﬁber pullout at the failure surface in cross-ply

NicalonTM/CAS composite.
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Fig. 6.45. The entire cross-sectional view of fatigue fracture surface in a cross-ply NicalonTM/CAS composite.
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in 0° laminates can also be seen in Fig. 6.45. Figure 6.46 shows more detailed SEM
micrographs of failure modes in cross-ply NicalonTM/CAS composite. The micro matrix
cracks are generated in 0° laminates, and propagated with interfacial debondings to the
90° laminates. After delaminations between 0° and 900 laminates, the ﬁnal failure of the

composite is performed by ﬁber pullout of 90° laminate as shown in Figs. 6.46(a) and
6.46(b). Figure 6.46(b) shows relatively higher magniﬁcation SEM micrograph around
the fracture surface, presenting severe matrix cracks and their propagation.

The summary of toughening mechanisms in cross-ply CMCs is provided in Fig. 6.47 with
matrix cracking, interfacial debonding of ﬁber and matrix, crack deﬂection, crack

bridging, and ﬁber pullout. With those energy dissipating mechanisms, NicalonTM ﬁber
reinforced CMCs show ‘graceful period’ or pseudo-plastic deformation property in
stress-strain behavior, as previous described in the section on tension behavior.

The

extensive ﬁber pullout in 90° laminate (surface ply) is presenting with microcracks in
matrix region, as shown in Fig. 6.48.

6.6.2. Unidirectional NicalonTM/CAS Compoistes

The fracture behavior in unidirectional NicalonTM/CAS composites was also investigated
using the SEM characterization method. The failure mode in unidirectional composites
was quite similar to cross-ply composites.
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(a)
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(b)
Fig. 6.46. SEM micrographs showing failure mechanisms in cross-ply NicalonTM/CAS
composites; (a) lower magniﬁcation and (b) higher magniﬁcation.
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Fig. 6.47.

SEM micrograph showing toughening mechanisms in cross-ply CMCs;

interfacial debonding of ﬁber and matrix, crack deﬂection, and ﬁber pullout.
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Fig. 6.48. A planar view of fracture surface.
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Figure 6.49 shows a SEM micrograph presenting multiple matrix cracking around the
fatigue fracture surface, and also showing microﬁssures in matrix regions. Figure 6.49
also presents some energy absorption mechanisms in unidirectional composites, such as
matrix cracking, ﬁber debonding from the matrix, ﬁber pullout, etc. Figure 6.50 shows
ﬁber debonding from the matrix area and matrix debris on the fatigue fracture surface.
The matrix debris indicates severe repeated tension-tension fatigue loadings, especially,
when the failure is imminent.

Figures 6.51 and 6.52 presents ﬁber pullout and ﬁnal

failure of unidirectional composites. The extensive ﬁber pullout has been observed on
the fatigue fracture surface, as shown in Fig. 6.51. In Fig. 6.52, ﬁber pullout and ﬁber
debondings from the CAS matrix, and matrix debris have been observed at the ﬁnal
failure of unidirectional composites. Figure 6.53 presents the fatigue fracture surface
with extensive ﬁber pullout, which is indicative of ‘graceful failure’ in CMCs.

In summary, like cross-ply NicalonTM/CAS composites, the failure mechanisms of
unidirectional composites showed similar fracture modes, including matrix cracking,
crack deﬂection, debonding/delamination at the ﬁber and matrix, crack bridging, and
ﬁber pullout.

6.6.3. Remarks on Fatigue Fracture Behavior and NDE Signatures

Fatigue failure behavior of both cross-ply and unidirectional NicalonTM/CAS composites
was investigated using an IR camera and SEM characterization.
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Fig. 6.49.

A SEM micrograph showing multiple matrix cracking around the fatigue

fracture surface.

Loading
Direction

Fig. 6.50. Fiber debonding from the matrix area and matrix debris on the fatigue fracture
surface.
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Fig 6.51. Fiber pullout at the fatigue fractu re surface.

Loading
Direction

.34, . I 1.935501%?...€...uf..t.<., . . .

Fig. 6.52. Fiber pullout and ﬁnal failure of unidirectional composites.
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Fig. 6.53. Fatigue fracture surface with extensive ﬁber pullout.

Both NicalonTM/CAS composites exhibited very similar failure behavior in terms of
temperature evolution. Both composites showed 3 temperature evolution stages during
fatigue tests; (1) initial constant temperature region; no damage of fatigue sample, (2)
increasing temperature region; matrix crack initiation and propagation, and (3) ﬁnal
temperature increase at the failure.

The fracture surface of a cross-ply composite showed the crack initiation site and the
directions of crack propagation, as shown in Fig. 6.37. Initially, brittle matrix cracking
and no debonding at the ﬁber and matrix interface have been observed at the crack
initiation site, as shown in Fig. 6.38(a). As the crack propagated to both surface ends of
the fatigue sample, more ﬁber breakage, debonding at the ﬁber and matrix interface,

delamination, and ﬁber pullout were observed in Figs. 6.38(b) to 6.38(e).
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During 2nd

stage of fatigue (increasing temperature region), due to the contribution of those
mechanisms, continuous temperature increases are possible.

Signiﬁcant temperature

increase at the 3rd stage of fatigue can be explained with extensive ﬁber pullout, which
generates greater frictional heating, as shown in Fig. 6.44 and 6.53 for both cross-ply and
unidirectional composites, respectively.

6.6.4. Summary

The S-N curves for both cross-ply and unidirectional NicalonTM/CAS composites were
generated. At a given stress, the unidirectional composites give a greater fatigue life and
fatigue endurance limit than the cross-ply composites, which correlates with the greater
strength of the unidirectional composites. The linear S-N curves data showed low scatter
between the applied stress and the number of cycles to failure, and those data could be
useful for life predictions at room temperature. Moreover, since the stress levels of highcycle fatigue loading were selected from the ultimate tensile strength, the generated S-N
curves in this investigation could be helpful for providing the design criterion in the use
of the NicalonTM/CAS composite at room temperature.

For both cross-ply and unidirectional NicalonTM/CAS composite samples, signiﬁcant
temperature increase was shown during fatigue testing. Both composites showed similar
trends in temperature evolution during fatigue testing; there are 3 stages in temperature
evolution during fatigue testing for both composites, including (1) an initial constant
temperature region; no damage of fatigue sample, (2) an increasing temperature region;
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matrix crack initiation and propagation, and (3) a ﬁnal temperature rising at the failure. It

is understandable that the cumulative fatigue loadings generate frictional beatings with
the

failure

mechanisms,

such as continuous

ﬁber breakage,

delamination, further matrix crack propagation, and ﬁnal ﬁber pullout.
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matrix

cracking,

CHAPTER 7
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

7.1 . Conclusions

7.1 . l . NicalonTM/SiC System

7.1.1.1.

In the studies of the nondestructive evaluation of continuous NicalonTM ﬁber

reinforced SiC CMCs, CT images can be related to the UT results. CT-scans reﬂect the
relative UT amplitude distribution of the NicalonTM/ SiC composites, and the relationship
between the UT and the CT-scans can provide an effective means for NDE of CMCs.
The relative transmitted UT amplitude rapidly decreases as the amount of porosity
increases. Moreover, an exponential relationship between the UT transmitted amplitude
and the extent of porosity seems to be present for both woven and cross-ply
NicalonTM/SiC composites. Although some limitations exist on the applications of the
ultrasonic wave propagation theory for CMCs, there seems to be a good agreement
between theoretical predictions and experimental results in relating the UT transmitted
amplitude to the extent of porosity.

7.1.1.2. Both qualitative and quantitative relations between the UT transmitted amplitude
and thermal diffusivity have been observed. Qualitatively, an agreement between the UT
C-scan images and thermal diffusivity maps has been presented. Quantitatively, thermal

223

diffusivity increases as the UT amplitude increases in NicalonTM/SiC composites. There
is an agreement between the NDE predictions and tensile testing results in assessing
mechanical properties of CMCs, though scattered data have been found in cross-ply
composites. The combination of several NDE techniques can assure greater reliability
for CMCs evaluation to investigate the fracture behavior of NicalonTM/SiC composites.

7.1.1.3.

The failure mechanisms in both plain-weave and cross-ply NicalonTM/SiC

composites were investigated using SEM.

In plain-weave composites, the crack or

matrix cracking ﬁrst starts at the intersection between the 0° ﬁll and 90° warp due to the
stress concentration. The 0° ﬁll plays a signiﬁcant role to retard the ﬁnal load transfer
with further multiple matrix cracking and the debonding at the ﬁber and matrix interface.
The ﬁnal rupture is achieved by holding the ﬁnal applied load through the 90° warp ﬁber
bundles, followed by extensive ﬁber pullout.

In cross-ply composites, the failure

mechanisms include the initial matrix cracking in the 0° laminate, followed by the
debonding of the ﬁber and matrix interface, and then, further crack propagation into the
90° laminate with the delamination between the 0° and 90° laminates.

Finally, the

rupture occurs along the 90° laminate with a signiﬁcant amount of ﬁber pullout.

7.1 .2. NextelTM/BlackglasTM System

The tensile behavior of NextelTM/BlackglasTM composites was investigated with the aid of

several NDE techniques, such as ultrasonic testing, acoustic emission, and infrared
77A

thermography methods. Various types of NDE methods provided the possible ways to
predict and interpret mechanical performances of NextelTM/BlackglasTM composites. The
combination of several NDE techniques could assure a greater level of reliability for
ceramic

composites“

evaluation

Nextel"”°‘/BlackglasTM composites.

to

investigate

the

fracture

behavior

of

The tensile properties of NextelTM/BlackglasTM

composites were obtained. The failure modes (mechanisms) of the NextelTM/BlackglasTM
composites were provided through microstructural characterizations using SEM.

The

fractures of NextelTM/BlackglasTM composites were in a brittle failure manner for all
tested samples.

The relatively strong interfaces between the NextelTM ﬁbers and

BlackglasTM matrices provide brittle fracture modes, not showing a ‘graceful period’ with
extensive ﬁber pullout.

7.1 .3. NicalonTM/CAS System

7.1.3.1. Tensile properties of NicalonTM/CAS composites were investigated with the aid
of nondestructive evaluation (NDE) techniques. In cross-ply NicalonTM/CAS composites,
the ﬁnal failure occurs at the ultimate tensile strength without showing a ‘graceful
period,’ and signiﬁcant temperature increases were observed at the time of failure. The
stress-strain behavior for unidirectional NicalonTM/CAS composites showed a clear
‘graceful failure mode’ for all samples. Regardless of the presence of the graceful period,
the temperature peaks were found only at the time of failure. From these results, it is

225

ound that the ﬁber pullout and consecutive failure of ﬁbers both at UTS and during the
graceful period do not generate signiﬁcant temperature increases.

1.1.3.2. In cross-ply NicalonTM/CAS composites, the crack seems to initiate at the largest
law with the 0° laminate at the load level above the proportional limit. The initiated
:racks experience propagation with debonding between the ﬁber and matrix interface at
he 0° laminate. At this point, further crack propagation occurs in the 0° laminate, and
here are delaminations between the 0° and 90° laminates.

The ﬁnal rupture is

lccomplished in the 90° laminate with ﬁber debonding, followed by the extensive ﬁber
)ullout.

1.1.3.3. In unidirectional NicalonTM/CAS composites, the initial surface or sub-surface
natrix cracking with debonding at the ﬁber and matrix interface can be the ﬁrst failure
nechanisms.

The tensile load can transfer along the weak interface between plies

delamination). Then, further interfacial debonding at each ply or laminate could occur.
The ﬁnal failure is performed by ﬁber pullout with massive surface matrix cracking.

1.1.3.4.

S-N curves for both cross-ply and unidirectional NicalonTM/CAS composites

were generated. At a given stress, the unidirectional composite gives a greater fatigue
ife and fatigue endurance limit than the cross-ply composites, which correlates with the
greater strength of the unidirectional composites. The linear S-N curves data showed low
:catter between the applied stress and the number of cycles to failure, and those data
:ould be useful for life predictions at room temperature.
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7.1.3.5.

For both cross-ply and unidirectional NicalonTM/CAS composite samples,

signiﬁcant temperature increases were found during fatigue testing.

Both composites

showed similar trends in temperature evolution during fatigue testing; there are 3 stages
in temperature evolution during fatigue testing for both composites, including (1) an
initial constant temperature region; no damage of the fatigue sample, (2) an increasing
temperature region; matrix crack initiation and propagation, and (3) a ﬁnal temperature
rising at the failure; extensive ﬁber pullout.

It is understandable that the cumulative

fatigue loadings generate frictional heatings with the failure mechanisms, such as
continuous

ﬁber

breakage,

matrix

cracking,

delamination,

further

matrix

crack

propagation, and ﬁnal ﬁber pullout.

7.2. Suggestions for Future Work

7.2.1.

The employment of all possible NDE methods, such as UT, CT, AE, and IR

thermography,

for

all

three

CFCCs

materials

systems,

NicalonTM/SiC,

NextelTM/BlackglasTM, and NicalonTM/CAS, at the same time is required for a further
investigation of NDE and mechanical performance of CFCCs.

The combination of

several NDE techniques could assure a greater level of reliability for ceramic composites
evaluation to investigate the fracture behavior of CFCCs. It is possible to apply the same
NDE techniques for advanced engineering materials, including polymeric, metallic, and
monolithic ceramic materials, to investigate mechanical behavior.
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7.2.2. It is suggested that a further investigation regarding an in-depth understanding of
the temperature evolution behavior during both monotonic and cyclic loadings is needed
with more mechanical testing. It is important to relate microstructural features to fracture
mechanism in light of temperature change during mechanical testing. Some theoretical
models to predict fatigue life in light of temperature evolution are available only on
metallic materials. Thus, it is worthwhile to develop theoretical models to predict fatigue
life of CFCCs and provide a better mechanistic understanding of fatigue behavior of
CFCCs, since little research on temperature evolution during fatigue loading has been
performed in the CFCCs ﬁeld.

7.2.3.

The mechanical performance investigation with the aid of NDE techniques at

elevated temperatures is necessary to provide the pertinent fracture and NDE information
to aid in the fabrication, development, and selection of NicalonTM/SiC composites for
high-temperature structural applications. Since the service temperatures of CFCCs are
generally at 1,000°C or higher, the investigation on monotonic and cyclic behavior of
CFCCs at elevated temperatures is needed.
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